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ANALYSIS  AND  INTERPRETATION  OF  OPTICAL  DATA 

I.  Introduction 

During  the  period  of  this  research  grant  considerable  attention  was 
focused  upon  the  development  of  techniques  for  the  analysis  of  optical 
data  measured  upon  amorphous  and  related  crystalline  materials.  In 
addition  there  was  an  effort  to  interpret  the  optical  response  of  these 
systems  in  tf  ms  of  their  electronic  states,  chemical  bonding,  and  possible 
microscopic  structure.  In  what  follows  tne  results  of  this  work  are  briefly 
described  with  references  to  the  relevant  publications  included.  In  these 
publications,  copies  of  which  are  attached  to  this  report,  can  be  found 
the  details  of  methods  and  results. 

II.  Computational  Developments 

The  need  to  obtain  the  spectral  distribution  of  the  complex  dielectric 
function  provided  strong  motivation  to  develop  a  reliable  computational 
method  for  Kramers -Kronig  analysis.  Thus  a  new  technique  for  carrying  out 
numerical  Hilbert  (Kramers-Kronig)  transforms  employing  accurate  expansion 
in  Hermite  functions  evolved  (A) .  In  performing  the  Kramers-Kronig  analysis 
of  normal  incidence  reflectivity  data  a  convenient  method  for  extrapolating 
the  data  to  high  frequencies  was  employed  (B),  and  reliable  Kramers-Kronig 
data  reductions  can  now  be  performed  on  a  routine  basis.  The  entire  pro¬ 
cedure  was  carefully  tested  (A,B)  and  has  been  applied  to  a  number  of  material 
systems  including  (crystalline  and  amorphous)  Sb2Se3  (B);  (amorphous) 

Sb1Se^_x  (C);  and  (amorphous)  GexSe2_x,  GaxSei_x,  and  InxSe]_x  (D) . 
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The  frequency- dependent  dielectric  function  obtained  from  the  normal 


incidence  reflectivity  provides  substantial  information  regarding  the  elec¬ 


tronic  structure  of  the  material  being  studied.  The  use  of  sum  rules. 


the  f-sum  rule  and  the  relation 


e,eff  =  - 

IT  JO 


e2  (u>n)  doj" 


both  test  the  analysis  and  give  information  about  the  electronic  structure 


particularly  for  the  valence  band.  In  the  following  paragraphs  a  brief 


outline  of  the  type  of  information  we  have  obtained  and  its  interpretation 


is  given.  In  addition  where  possible  whatever  insight  this  lends  into 


the  chemical  bonding  and  structure  is  included. 


III.  Interpretation  of  Optical  Data 


Optical  data  was  obtained  over  a  wide  energy  spectrum  from  ^30  eV, 
utilizing  the  University  of  Wisconsin  Synchrotron  Storage  Ring  as  a  radiation 


source,  to  the  far  1R,  by  employing  Fourier  Transform  Spectroscopy.  The 


systems  that  have  been  studied  optically  were  all  chosen  from  the  chalco- 


genide  semiconductors.  In  many  instances  these  may  be  characterized  as 


lone-pair  semiconductors,  i.e.,  there  is  evidence  that  the  valence  bands 


in  these  materials  are  principally  composed  of  weakly-bonding  p-electrons 


of  the  chalcogen  atoms.  The  next  lower  valence  bands  also  have  primarily 


p-character  but  most  likely  have  larger  admixtures  of  s-electrons.  It  is 


these  bands  which  correspond  to  the  bonding  electron  states  which  are  re¬ 


sponsible  for  the  cohesion  in  these  solids. 


In  (B)  it  is  demonstrated  from  the  e2"sPectrum  an<*  related  sum  rules 


that  both  amorphous  and  crystalline  Sb2Sej  exhibit  optical  response  in- 


pPP 
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dicating  the  presence  of  both  weakly  bonding  and  bonding  electrons. 

Furthermore,  there  are  seen  cxear  changes  in  the  detailed  optical  response 
on  the  crystalline  to  amorphous  transition  which  are  consistent  with  a 
lack  or  long-range  order  upon  this  transition.  In  addition,  there  is  a 
definite  loss  of  oscillator  strength  in  the  lower  frequency  portion  of 
the  spectrum  for  the  amorphous  system. 

In  (C)  the  effect  of  compositional  variation  in  the  amorphous  system 
Sbj_xSex  was  studied.  It  was  found  that  the  two -absorption  band  spectrum 
characteristic  of  the  lone-pair  semiconductors  was  not  found  for  Se  com¬ 
positions  below  x  =  0.24.  This  behavior  suggests  that  at  these  low  Se 
compositions  the  amorphous  material  no  longer  contains  any  non-bonding  p 
electrons,  these  having  been  exploited  to  satisfy  the  bonding  and  co¬ 
ordination  requirements  of  the  Sb  atoms. 

Finally  in  (D)  similar  considerations  were  applied  to  the  systems 
Ge^_xSex,  In^_xSex,  and  Ga1_xSex  with  similar  conclusions.  At  sufficient! v 
largp  St  concentration*  the  materials  all  exhibit  spectra  very  similar  to 
Se  itself,  the  standard  lone-pair  semiconductor. 

The  optical  data  and  its  interpretation  reported  in  th  .s  group  of 
publications  has  been  corroborated  and  extended  by  XPS  (E)  and  photoemission  (F) 
studies,  particularly  upon  Sb2Se3. 

IV.  Photoemission 

Ultraviolet  photoemission  spectroscopy  (UPS)  measurements  were  performed 
to  determine  the  electronic  structure  and  relate  it  to  the  chemical  bonding 
model  and  to  the  bonding  within  the  solid.  A  photoemission  spectrometer  of 
0.1  eV  resolution  has  been  constructed  and  recently  moved  to  the  University 
of  Wisconsin  Physical  Sciences  Laboratory  (IJWPSL)  on  a  permanent  basis.  The 
use  of  UPS  with  a  synchrotron  as  a  source  of  exciting  radiation  has  the  fol- 


4 


lowing  advantages  over  other  methods:  (i)  optical  transitions  can  be 
followed  over  a  large  range  (at  least  30  eV)  of  photon  energies,  (ii)  ab¬ 
solute  energy  positions  of  the  maxima  in  the  density  of  states  (DCS  can 
be  determined  in  both  the  valence  band  (VB)  and  the  conduction  band  (CB) 
with  a  resolution  of  0.2  eV  or  better,  (iii)  at  higher  values  of  photon 
energies  (typically  hv  >  20  eV)  the  experimental  data  can  be  related  to 
the  DOS  of  the  VB.  (iv)  the  natural  polarization  of  the  synchrotron  radiation 
(with  electrical  vector  E0  in  the  median  plane)  allows  the  study  of  the 
crystal  field  effects  on  the  matrix  elements  (F) . 

Amorphous  and  crystalline  phases  of  Sb2Se3  were  investigated  in  great 
detail  and  the  photoemission  data  has  been  published  in  (G,H) .  The  UPS 
data  confirm  and  further  expand  the  DOS  models  based  on  the  chemical  bonding 
model  conjectures.  The  bonding  and  weakly  bonding  bands  are  observed,  with 
a  well  defined  lone  p-pair  sub-band  of  the  weakly  bonding  band.  The  struc¬ 
ture  of  the  lone  p-pair  band  is  extremely  strongly  affected  at  the  crystalline 
to  amorphous  transition.  This  transition  has  a  large  effect  of  smoothing 
several  DOS  peaks  in  the  non-bonding  valence  band  as  well  as  in  the  conduction 
band,  but  no  UPS  observation  was  made  which  would  indicate  a  substantial 
tailing  of  the  VBDOS  in  amorphous  Sb2Se3  in  agreement  with  our  photoconductivity 
and  optical  measurements. 

The  comparison  of  DOS  data  with  those  of  Se  (Schevchick  et  al.,  1973) 
suggests  that  the  lone  pairs  of  chalcogen  atoms  play  an  important  role  in 
the  formation  of  the  upper  VB  of  V2VI3  compounds,  both  amorphous  and  cry¬ 
stalline,  and  that  the  basic  features  of  the  DOS  are  understandable  in 
terms  of  chemical  bonding. 

V.  Photoconductivity 


A  specific  measurement  technique  was  developed (I)  which  allowed  measure- 
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ments  down  to  very  low  S/N  values  thus  allowing  measurements  to  be 
extended  to  the  long  wavelength  part  of  the  absorption  edge.  The 
photoconductivity  measurements  were  performed  (and  correlated  with 
the  optical  transmission)  with  particular  attention  to  the  vicinity 
of  the  fundamental  absorption  edge  in  order  to  obtain  further  informa¬ 
tion  on  the  sharpness  of  the  band  edges. 

In  the  case  of  properly  prepared  amorphous  Sb2Se3  fiims  (J),  no 
difference  in  the  sharpness  of  the  photoconductivity  onset  was  observed 
(K).  However,  the  product  of  mobility  and  the  lifetime  was  found  in 
the  amorphous  phase  to  be  'vlO^  times  lower  than  in  the  crystalline  Sb2Se3* 
It  has  been  found,  however,  that  deliberately  introduced  disorder  in 
composition  at  a  local  scale  results  in  less  sharp  edge  in  the  photo¬ 
conductivity  (and  optical)  response  (to  be  published). 

In  the  case  of  Sb203,  the  photoconductivity  with  onset  corresponding 
to  the  optical  absorption  edge  (L)  was  observed  in  both  crystalline  modifi¬ 
cations  of  Sb203  (cubic  and  orthorhombic) .  The  lack  of  the  photoresponse 
in  amorphous  Sb203  was  explained  by  much  lower  value  of  the  intrinsic 
photosensitivity  (M) . 

MATERIALS  PREPARATION 

For  reasons  outlined  in  the  initial  proposal,  most  effort  in  the  past 
three  years  has  been  devoted  to  the  study  of  the  binary  amorphous  system 
Sbi_xSex,  although  other  Sb-chalcogenides  and  Group  III  and  Group  IV  - 
chalcogenides  have  been  lightly  surveyed.  However,  many  of  the  develop¬ 
ments  in  preparative  techniques  evolved  from  the  study  of  the  Sb^_xSex 
system  were  carried  over  into  these  other  systems. 


ir ii  • .  '  -  ■ 
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At  the  outset,  it  was  decided  to  concentrate  on  vacuum  evaporation 
for  reasons  of  high  purity  rather  than  employ  the  more  contaminating  methods 
such  as  sputtering,  chemical  vapor  deposition  or  electrolytic  deposition 
with  their  respective  concomitant  problems  of  inert  gas,  reactive  gas  or 
soluble  impurity  inclusions.  Considerable  emphasis  was  placed  on  obtaining 
known  controllable  compositions  by  physical  evaporation.  Although  physical 
vapor  deposition  is  a  common  method  of  preparation  of  amorphous  materials 
not  much  attention  had  been  paid  in  the  literature  to  the  resulting  thin 
film  compositions.  Consequently,  there  were  many  reports  in  the  literature 
on  physical  measurements  cf  unknown  compositions. 

We  were  successful  in  overcoming  this  problem  by  three  different  tech¬ 
niques:  (i)  Single  source  evaporation  from  a  solid  using  an  electron  beam 

(EBJ  gun  (J),  (ii)  Controlled  coevaporation  from  elemental  sources  to  pro¬ 
duce  a  particular  composition  (N),  (iii)  Controlled  coevaporation  from 
elemental  sources  employing  an  elongated  substrate  to  prepare  essentially 
the  whole  compositional  system  (0). 

The  last  listed  technique  has  been  of  considerable  use  in  surveying 
other  amorphous  binary  compounds  ar>d  has  been  applied  to  the  Sbj_xTex  (P), 
Gei-xSex  (Q),  Gei_xTex  (Q) ,  Gai_xSex  (D)  and  Ini_xSex  (D)  systems  in  addition 
to  Sbi_xSex  (N) . 

Single  crystal  growth  of  the  Sb-chalcogenides  (the  only  systems  tackled) 
from  the  melt  or  the  vapor  presented  no  serious  problems.  An  improved  zone- 
refiner  for  single  crystal  growth  was  developed  (R)  . 

TRANSPORT  PROPERTIES 

I.  Electrical  Conductivity 

Four-probe  and  sandwich-type  conductivity  measurements  were  made 
as  a  function  of  temperature  on  a  number  of  amorphous  systems.  For  the 
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two  Sb-chalcogenide  systems  investigated:  Sbi_xSex  (N)  and  Sbi_xTex  (P) 
a  lna  vs  T“^  dependence  was  obtained  over  a  large  temperature  range,  in¬ 
dicating  that  conduction  occurred  either  in  extended  states  or  by  hopping 
in  localized  states  at  the  band  edges.  From  optical  data  (N) ,  (P),  it  was 
concluded  that  the  former  mechanism  is  the  more  likely. 

In  contrast,  variable  range  hopping  conductivity  between  localized 
states  in  the  forbidden  energy  gap,  i.e.,  lno  vs  T-J*  behavior,  was  often 
observed  in  other  amorphous  systems  e.g.,  Gei_xSex  (Q);  Gei_xTex  (Q); 

Gai_xSex  (D)  and  Ini_xSex  (D)  although  believable  localized  density  of 
states  values  were  not  always  obtained. 

II.  Thermo-emf  Measurements 

The  Seebeck  coefficient  was  determined  at  room- temperature  in  a  number 
of  systems  and  when  used  in  conjunction  with  lna  vs  T-1  conductivity  data 
yielded  values  for  the  Fermi-level  position.  Generally,  the  Fermi  level 
was  not  found  to  be  pinned  in  the  gap  center  and  so  straightforward  com¬ 
parison  between  the  thermal  and  optical  band  gaps  could  not  be  made.  Some 
preliminary  measurements  were  made  of  Seebeck  coefficient  as  a  function  of 
temperature  in  the  Gei_xSex  system  (to  be  published)  but,  for  reasons  we  do 
not  understand,  the  activation  energies  so  obtained  appeared  to  be  somewhat 
higher  than  those  determined  from  lna  vs  T”^  measurements. 

STRUCTURE 

I.  Mossbauer  Studies 

Amorphous  films  of  Sbj_xSex  were  studied  with  the  Mossbauer  effect  (S). 
The  spectra  were  all  similar  to  each  other,  despite  a  large  range  in  x- values 
but  was  different  from  the  single  crystal,  indicating  that  the  environment 
of  the  Sb  sites  are  homogeneous,  i.e.,  they  are  characterized  by  a  narrow 
range  in  coordination  number  and  in  bond  length.  Thus,  the  two  sites  in  the 
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crystal  are  replaced  by  many  closely  similar  sites  in  the  glass,  i.e., 
little  site  distortion. 

A  further  Mossbauer  investigation  was  conducted  on  Sn-doped  As2Se3 
glass  (T) .  The  local  environment  about  the  Sn  atoms  was  found  to  be 
similar  for  a  wide  range  of  Sn  concentrations  showing  that  a  high  degree 
of  local  chemical  order  exists  in  this  glass.  Further,  it  was  confirmed 
that  Sn  displaces  As  in  the  glass,  forming  SnSe  and,  in  addition,  at 
higher  Sn  concentrations  SnSe2,  i.e.,  changing  its  valency  from  4  to  2 
with  increasing  concentration. 

Mossbauer  studies  of  bond  character,  electronic  structure  and  glass 
to  crystalline  transitions  in  amorphous  semiconductors  and  oxide  glasses 
have  been  reviewed  (U) .  Based  on  the  measured  isomer  shifts  of  the  Sb- 
chalcogenides,  it  was  concluded  that  the  charge  density  at  the  Sb  nuclei 
increases  in  magnitude  in  the  sequence  0,  S,  Se,  Te.  This  conclusion 
is  contradictory  to  optical  bandgap  data  and  is  probably  a  result  of  a 
too  simplistic  view  of  the  electronic  configurations  in  a  solid. 

II.  X-ray  and  Electron  Diffraction  Studies 

The  crystallographic  work  was  addressed  mainly  to  two  areas:  to 
investigating  the  substitution  of  Se  into  the  Sb2Te3  structure  and  to 

investigating  "amorphous"  thin  films  of  Sb2Se3. 

By  use  of  single  crystal  x-ray  diffraction  data  and  appropriate 
computer  methods  it  was  established  that  both  Sb2Te3  and  Sb2Te2Sei 
crystallize  in  the  Bi2Se2S  structure.  In  Sb2Te2S-i  the  Se  is  substituted 
into  the  0,0,0-position  (corresponding  to  the  S-position  in  Bi2Se2S) . 

In  nonstoichiometric  compounds  Sb2Te3_xSex,  with  compositions  0<x<l, 
the  Se  is  substituted  into  the  same  0,0,0  position.  For  compositions 
vjith  x>l,  one  formula  unit  of  Se  is  substituted  into  the  0,0,0  position. 
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the  excess  Se  into  the  other  two  positions.  The  lattice  constants 
decrease  continuously  with  increasing  x,  but  one  observes  two  distinct 
regions  for  x<l  and  x>l  with  almost  linear  lattice  constant  changes, 
but  different  slopes. 

Amorphous  Sb2Sex  films  were  observed  to  rapidly  crystallize  in 
the  electron  beam  of  the  electron  microscope  to  single  crystal  sizes 
up  to  about  lOOu.  Astonishingly,  within  a  wide  range  of  composition, 
the  predominant  diffraction  pattern  was  that  of  Sb2Se3  with  the  crystal¬ 
lographic  b-direction  perpendicular  to  the  films.  However,  the  Se-rich 
samples  predominantly  crystallized  in  fibers  which  extended  in  the  c- 
direction  within  the  thin  film.  Sb-rich  samples,  on  the  other  hand, 
formed  very  small  crystals  which  gave  a  complicated  powder  pattern  which 
was  related  to  but  not  identical  with  that  of  Sb2Se3.  Some  deviation 
of  the  Sb2Se3  pattern  (for  instance  related  to  the  systematical  extinctions) 
was  observed  for  almost  all  films  even  those  of  Sb2Se3.  Astonishingly, 
the  films  even  crystallized  at  low  temperatures  (down  to  -150°C).  In 
some  cases  super- lattice  formation  took  place  (V). 
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It  is  shown  that  Hermite  functions  form  a  convenient  representation  of  the  Hilbert 
transform  kernel  (Kramcrs-Kronig  transform).  Application  is  made  to  two  densities  of 
states.  The  zeros  and  weight  funetions  for  Hermite  integration  for  order  n  300  are 
given  in  an  appendix. 


I.  Introduction 

Analytic  linear  integral  transforms  arc  part  of  the  working  knowledge  of  almosl 
all  physicists.  One  learns  of  the  usefulness  and  applicability  of  the  Fourier  integral 
transform,  for  example,  at  the  earliest  stages  of  one’s  training.  However,  rather 
less  attention  is  given  to  other  integral  transform  systems,  and  less  still  to  specific 
techniques  to  use  in  formulating  numerical  procedures.  The  result  is  that  oltcn 
inappropriate  numerical  procedures  have  been  used  to  carry  out  such  integral 
transforms.  The  most  problematic  example,  we  believe,  is  the  case  of  singular 
kernels  such  as  numerical  Kramers-Kronig  [I,  2]  or  Hilbert  transformation  [3-5] 
which  contain  implicit  principle  value  integrals. 

*  Based  on  work  performed  under  the  auspices  of  the  U.  S.  Atomic  Energy  Commission  and 
also  supported  by  the  Advanced  Research  Projects  Agency  of  the  Department  of  Defense  and 
was  monilorvd  by  the  Army  Research  Otlice,  Durham. 
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We  believe,  however,  tint  any  ordinary  integral  (r-insform  may  be  handled 
in  a  completely  straightforward  manner.  One  has  two  systems  of  functions  eJ(<») 
and  i)i(to')  related  through  a  linear  kernel  K(to,  01')  as 


tfj(w)  j  (o')  A(iu')  dm' . 


The  ease  of  the  symmetric  kernel 

K[io,(o')  K(u>\(  o)  (2) 

has  been  treated  exhaustively  by  Courant  and  Hilbert  [4],  Simple  numerical 
procedures  consist  of  expanding  </<  and  A  in  a  complete,  orthonormal  set  </>„(<»), 


and  the  kernel  as  the  Cauchy  outer  product 


01')  £  -V, „„«/•»(«»)  »"*'). 


so  that  the  integral  Eq.  (I)  is  reduced  to  the  linear  matrix  equation 


The  problem  of  carrying  out  the  numerical  transform  is  thus  reduced  to  the  two 
mechanical  operations  of  forming  the  expansion  coefficients  ft  in  Eq.  (.1)  and 
carrying  out  the  matrix  multiplication  in  Eq.  (5). 

In  this  paper,  we  will  consider  functions  and  kernels  defined  over  the  v  hole 
real  line  (  -<x>  •  oo)  and  will  thus  focus  on  expansions  in  the  complete  set 

of  Hermite  functions  >JiJ(o).  We  will  limit  our  discussion  of  the  kernel  to  the 
important  ease  of  the  Hilbert  or  ’'ranters  Kronig  transform 

«>')  </7jt)[I/<o*  (h) 

where  the  P  indicates  that  the  principle  value  rtf  the  integral  (I)  is  to  be  taken, 
f  inally  we  limit  ourselves  here  to  consideration  of  eases  where  the  function 
is  well  defined  everywhere.  We  will  consider  real  experimental  data  and  the  special 
problems  inherent  in  extrapolation  elsewhere. 

We  consider  a  mathematically  exact  treatment  of  the  problem  of  numerical 
Hilbert  trnnsfornudion  which  is  simple  to  use,  can  be  applied  to  a  variety  of  cases, 
and  automatically  leaxt-sqiiarc-liis  data.  In  Section  II  we  discuss  the  formal  dcriva- 
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tion  of  our  technique,  and  in  Section  111  the  application  to  Monte  Carlo  derived 
densities  of  electron  states  for  a  simple  cubic  s  hand  and  facc-ccntered-cubic 
palladium.  Section  EV  summarizes  our  results  and  discusses  application  to  other 
systems. 

II.  Formalism 


A.  The  Hilbert  Operator 

As  is  well  known,  the  Kramers -Kronig  relation  between  the  real  and  imaginary 
parts  of  a  response  function  arise  because  of  causality.  If,  in  the  long  wave  length 
limit,  a  time  varying  field  FAD  is  impressed  upon  a  media  starting  at  t  0.  then 
the  linear  response  /)(/)  must  also  be  zero  for  t  • .  0,  and  is  given  by 


D{t)  ■  ((/)  E(t), 


(7) 


where  e  is  the  (complex)  generalized  susceptibility.  Upon  taking  the  complex 
Fourier  transform  of  (7)  we  obtain  the  Kramers-Kronig  relations  [6]; 


<l(c»)  -  1 

P 

r 

— 

rr 

J  „ 

l>  j- 

..1 

(III) 


(«) 


where  «,  and  <,  denote  the  real  anu  imaginary  parts,  respectively,  and  c,(oo)  I. 
If  we  regard  the  principle  value  integrals  of  (8)  as  an  operator  P  thc.i  we  have 
the  ft  actional  relations 


or  that 


(*,  1)  P(<3). 

*«  P(<«-  I). 

(€,  -  )  --  -P*<«.  I). 


(9) 


(10) 


which  makes  manifest  that  P  is  an  antiunitary  operator. 

The  relations  (8)  form  a  Hilbert  transform  pair.  The  close  connection  between 
Hilbert  and  Fourier  integral  transformations  is  seen  in  that  the  (Diriehlet)  kernel 
for  (double)  Fourier  transformation  is  given  by 

I  f® 

Krito,  o»')  =  —  dt  eos(w  —  u>')t  §(w  —  w') 

it  j  a 


(ID 
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(a  Dirac  delta  function),  whereas  the  analogous  kernel  for  Hilbert  transformation 
is 

*'«<«.«')  \  f  dt  sin(<o  -  <*»')/  \  •  (,2) 

which  we  define  as  the  (odd)  lunction 

p(o>  in')  ( l/w)[/*/(«>  o>')].  (13) 

The  relations  (i  1)  and  (12)  may  be  used  to  form  representations  or  the  operators 
Kf  and  K„  .  Any  denumerable,  complete  set  of  functions  defined  over  the  whole 
real  line  may  be  used  to  form  a  representation  lor  (II)  since  in  terms  of  any 
complete  orthonormal  set  wc  have 

£  •/',.<“>')  8(o>  -«>'),  <l4> 

n 

where  the  sum  extends  over  all  of  the  members  or  the  set.  An  analogous  representa¬ 
tion  for  the  function  p(ui  -  m')  may  be  constructed  as  follows. 

From  (12),  or  by  direct  integration,  we  have 


p(ou  —  w')  -  2^  j  1,1 


where  SGN(/)  is  the  signature  or  signnm  function  (  1  lor  7  <  °  and  I  I  lor 

/  .  0  and  0,  say,  if  t  0).  We  recall  that  the  signum  function,  like  the  delta 
function,  is  a  generalized  function  [3]  and  has  the  properly 

(,//</.v)  SGNU  .v  )  2i>(  v  v').  ('(’) 

Foliation  (15)  allows  us  to  construct  representations  of  the  Hilbert  operator  Irom 
the  representation  for  expOW).  In  this  paper,  we  w,ll  crmccntratc  on  a  single 
representation,  the  llermitc  functions  We  recall  [7]  that  the  nth-orr  e 

orthonormal  llcrmite  function  is  found  from  the  corresponding  llermitc  poly¬ 
nomial  //„(<>»)  by 

/(.r’W,  <l7) 

where  N„  is  a  normalization  factor  given  by 

N„*  ■  (2"n!  v^w)'  '•  (l8) 

for  our  purposes  the  most  important  property  of  the  llcrmite  functions  is  that 
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up  to  a  phase  fac'or  i",  the  Fourier  transform  of  a  Hermite  function  of  order  n 
is  the  same  Hermiii  function 

I  r“ 

j  ei»'i  dw'il\(w')  ^  in>fin(l ).  (19) 

Multiplying  both  sides  of  Eq,  (19)  by  M°>)  and  utilizing  Eq.  (14),  we  have  a 
representation  for  the  Fourier  kernel  eUi: 

eiut  —  -/l irX  i"(MO  iM")  (20) 

n 

and  the  conjugate  relation  for  e~iuj'1.  Placing  (20)  in  (15),  we  have 

p( «_«,')-(- 0 1 1  (0"  ( - «T  <M“)  *.(<«0  .  (21) 

n  rt* 

where  £nni  is  given  by 

f  rf/SGN(/)0B(O0m(f)-  (22) 

Th"  t  £„«  forms  a  representation  of  the  signum  operator  in  terms  of  the  Herrnite 
functions.  Since  the  Hermite  functions  are  simply  odd  or  even,  1)  =(-  1)"  (MO. 
the  integral  may  be  reduced  to 

£,«,  =  (I  +  (-l)ra+"+,J  f  dt  MO  MO-  (23) 

J  o 

S'„m  is  zero  unless  n  H  m  is  odd.  Let  us  assume  that  this  is  true.  We  define  a  sym¬ 
metric  real  matrix  g  related  to  S'  by 

",m  -  C  dt  Hn(0Hm(t)c  *  (24) 

J  o 

We  recall  {8j  that  the  derivative  d[e  X'H„  ,(jr)]  is  given  by  e-*'Hn(x)  ax.  Applying 
an  integration  by  parts,  we  find  the  double  recursion  formula  on  the  matrix  a: 

-  //*(0)  //„  .,(0)  F  2iii(t„  ,  (25) 

with  a  similar  relation  on  interchanging  n,  m.  Eliminating  c j, ,  from  the  later 
two  equations,  and  replacing  the  normalization  factors,  we  find  the  symmetric 
matrix: 


(27) 
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Let  us  define  the  antisymmetric  matrix  S  such  that 
p(tu  -  cu')  =  I  -W-M 

MM 

Then  the  relation  between  S  and  S’  with  m  -  »  +  2h  +  \  is  given  by 

s„ra-  (-i)fc+ls»m;  s„m  =  -snm  (28) 

The  compactness  of  the  matrix  S  cen  be  seen  either  from  Eq.  (4)  or  from  the 
fact  that  for  fixed  n  (  i  (21)', 


\mS . as/r‘- 

h  *<« 


1  he  latter  is  easily  proved  [9]  by  direct  expansion  of  Hq.  (26). 

tion  of  order  n  20,  26,  >  >  S(K)-lh  and  1000-th  order,  which  aie 

appendix.  Also  available  arc  thoxc  o  f  ,  in)trusl  the  llcrnritc  function 

p„,b,b„  brgh  enough  Tar  any  prob  cn,  o  are  available 

***  "™bl“’s  •"  ec“ra,in6  ,tec 
simple,  upward  recursion  was  used: 

H„n(x)  ==  2 xH„(x)  -  2nW„-iW 

The  only  annual  problen,  in 

::zz  Prsr  Tntt::br  - — - 

-*«*»  «f 

^r™»^"^^ded,^rder,by 

(31) 


I-  e-*lf(x)dx  ^  I  MW)/(.v(”), 
J  _<r  •“! 


where  ,x  Ibe  Mb  zero  ol  the  n-th  order  Hermite  polynomial  ». .  and  the  weigh! 
factors  H  ,,  arc  given  by 


H^nt-Vj’1)  -=  2"'  '//!  wlnVh-W)]* 


(32) 
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A  numerically  more  convenient  representation  lor  Hermilc  integration  is  achieved 
iT  we  consider  instead 


f  g(x)d\  1  W/,1'(.v/‘)r.'(v/‘). 


(33) 


where  W,/  is  given  by 


K'.'lr;;  =  «'„(*<")  expU,"*)  1 /<'"/'« 


(34) 


where  ifi„  is  the  «-th  order  orthonurnial  Herinite  function.  In  the  appendix  we 
list  the  positive  zeros  and  weight  functions  IV,/  lor  the  Hermilc  polynomials  ol 
order  300.  For  the  overlapping  case  of  n  20,  our  results  agree  with  those  ol 

Salzer  et  ul.  to  at  least  14  significant  (igurcs. 

We  have  found  the  zeros  of  the  Hcrmite  polynomials  (or  Hcrmite  functions) 
by  noticing  that  the  sequence  of  polynomials  form  a  Sturm 

sequence.  Thus  by  counting  the  number  of  sign  changes  in  the  sequence,  we  know 
precisely,  by  Budan’s  Theorem,  the  number  or  zeros  between  a  given  point  x 
and  zero.  (Infinitesimally  above  zero  the  sign  of  the  Hcrmite  polynomials  is  plus.) 
An  estimate  of  the  largest  zero  of  the  Herinite  polynomial  of  order  n  is  found  by 
remembering  that  the  Herm.te  functions  are  eigenfunctions  (with  eigenvalue 
En  —  (n  j  1  ID  hot,)  of  the  simple  harmonic  oscillator  operator,  H  i>il2in  Ik.x  , 
where  u>,  -■  v  A/m.  We  recall  that  the  last  zero  of  the  probability  density  of  the 
w-th  harmonic  oscillator  eigenfunction  is  bounded  by  the  classical  limit  v  2£n/A, 
or  in  the  appropriate  units  {in  -=  A  I),  by  xmM  x/2n  4-1  •  Thus  all  of  the 
zeros  of  the  w-th  order  Hcrmite  polynomial  lie  between 


\/2n  4-  1- 


Our  computational  procedure  for  evaluating  the  zeros  ol  I  lie  ii-th  polynomial 
used  the  interval  given  by  the  absolute  bounds  ±  v  2 in  4-  I  and  continuously 
subdivided  this  interval  by  a  factor  of  2.  liacli  subinterval  was  selected  for  further 
operation  depending  on  whether  the  Sturm  sequence  predicted  an  appropriate- 
zero  in  the  left  or  right-hand  portions.  Such  a  procedure  quickly,  and  accurately 
converged  to  our  results  in  the  appendix.  We  have  further  tested  our  Zeros  through 
the  sum  rule: 


i<  I 


n(n  I) 


(35) 


to  an  accuracy  of  at  least  14  significant  figures  for  all  cases 
In  Table  I  we  present  the  lowest  10  (10  x  10)  elements  of  the  antisymmetrical 
matrix  S.  Note  that  for  finite  order  the  operator  Eq.  (4)  reduces  to  a  matrix  equa¬ 
tion  and  that  the  square  of  S  (  S2)  is  a  matrix  whose  diagonal  elements  have  an 
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absolute  value  slightly  less  than  I.  If  we  deline  the  normalized  trace  T  of  the 
squared  matrix  S2  as 

T  ---  £  \(S2)„  |.  (36) 

**  tl-  1 

Thas  the  converging  values  of  0.885,  0.944,  0.970,  0.984,  0.992.  for  N  of  10.  25. 
50,  100  and  200,  respectively,  with  the  largest  error  in  the  last  (biggest  n)  term. 

C.  Moments  and  Scaling 

If  we  assume  that  the  function  we  wish  to  transform  (-£(<*>'))  has  a  norm  ol  I . 
then  we  may  think  of  g(a>')  as  a  distribution  density  and  the  transformed  function 
F(ui)  as 

.  /*  :g{o>')doj'  ,V7t 


F(co)- 

'  IT  J  W  — Ol 


where  F  and  g  are  real  and  imaginary  parts  of  a  self-energy,  for  example.  Let  us 
formally  expand  the  kernel  as 


to  —  to  co 


UG-r- 


Then  upon  (carefully)  interchanging  summation  and  integration,  Eq.  (37)  becomes 

F(w)  ----  --  T  Uo)  m  f  (ho'  w'mg(u>),  (39) 

71  w  «£li  J 

which  (formally)  shows  that  Hilbert  transformation  may  be  thought  of  as  merely 
interchanging  the  Taylor  and  Laurent  expansions  (assuming  they  exist)  of  the 
two  functions  about  zero.  In  terms  of  the  distribution  density  g.  we  can  define 
the  m-th  moment 


so  that 


J  dw'  w'"'g{w'), 


F(w)  --  —  £ 

TTtli 


It  is  clear  from  (40)  and  (41 )  that  a  further  expansion  of  the  Laurent  representation 
of  F(<o)  in  Hermite  functions  yields  a  worse  result  for  the  low  order  terms.  Better 
converged  results  would  be  achieved  if  we  remove  (analytically)  as  much  of  the 
low-order  moments  as  we  can  from  g(w).  In  practice  we  do  this  by  finding  a  simply 
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transformed  analytic  function  g'(co)  which  resembles  gM  as  closely  as  posable 
and  expanding  not  the  entire  gM  in  Hermite  functions  but  the  difference  as 

pn‘  |  tito'(x(w)  -  -  </’„(<•('), 

F(d>)  F\ a>), 

where  F(w)  is  the  analytic  transform  of  *'(«)  and  the  dilferencc  gV)  ~  #("') 
has  no  zero-th  moment.  Thus  a  Laurent  expansion  of  (F(^)  -  F’( w))  begins  with 
the  second  term  (~or2),  in  the  general  case,  and  with  the  third  term  (~o>  3) 
when  F(to)  is  oild.  Further  details  are  given  in  the  results  below. 

Finally  we  consider  the  effects  of  scaling  the  expansion  as 

g(w)  =  £  C„(a)  (44> 

where  a  is  a  scaling  constant.  (Note  that  the  form  of  our  kernel  is  independent 
of  scaling,  providing  that  the  scale  factor  in  u>  and  in  w  has  the  same  value. 
Therefore  the  same  matrix  Snm  may  be  used  for  all  scaled  cases.)  It  is  clear  from 
the  completeness  of  the  Hermite  functions  that  convergence  may  be  eventually 
obtained,  independent  of  any  particular  «,  but  practical  considerations  demand 
that  the  convergence  of  (42)  be  as  rapid  as  possible.  For  functions  defined  only 
over  a  finite  range,  as  in  this  paper,  we  find  that  a  best  scale  factor  is  approximately 
achieved,  if  the  highest  zero  of  the  highest  expansion  function  is  scaled  to  fall  sit 
about  twice  the  range  R  as 

«  *  V2N  V\I2R,  F»5) 

where  N  is  the  order  of  the  highest  Hermite  function. 

Note  that  a  best  scale  factor  depends  on  the  actual  form  of  the  function  one 
wishes  to  transform.  However,  as  discussed  below,  the  exact  value  of  «  is  not 
critical,  and  our  choice  (45)  will  work  well  for  many  cases.  The  only  important 
consideration  is  to  avoid  a  confluence  of  the  end  of  the  function  range  {v2N  I  I) 
and  the  edge  of  the  (finite)  integration  range. 


Results  and  Applications 

As  a  first  example  of  our  technique  of  Hilbert  transformation,  we  consider 
two  applications  to  densities  of  states:  the  model-system  triple-cosine  s  band 
density  of  states,  and  that  of  a  more  realistic  transition  metal  (palladium). 


......  ..  :  ■ 


(42) 

(43) 
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A.  s-band  Density  of  States 

We  apply  our  technique  to  the  important  problem  of  deriving  the  "F"  function 
for  the  density  of  .v  states  in  the  simple  cubic  lattice: 


F(oi) 


(4ft) 


where 

E(k)  -  0  cos(^vj)  -  cosjA  j.fl)  -  cos(Av'). 


t47) 

(4S) 


Fig.  !.  The  density  of  states  (a)  and  Hilbert  transform  (b)  of  a  simple  cubic  j  band.  Note 
that  the  density  has  a  wro-th  moment  of  2.  As  explained  in  the  text,  removal  of  the  analytic- 
zero-th  moment  function  (dashed  lines)  greatly  improves  the  convergence.  Because  of  the  small 
error,  only  the  Hermite  expansion  function  have  been  plotted.  In  the  plot  we  have  sharpened 
very  small  rounding  errors  at  -fcl.O  and  :L  3.0  due  to  the  finite  (250)  order  of  the  expansion. 
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and  -(t r/a)  <  k,  ,ky,k,  " I I"  Fig.  1(a)  wc  plot  a  three  hundred  histogram 
approximation  to  (47),  where  wc  have  used  one-million  Monte  Carlo  points  [16] 
to  integrate  (47).  The  functions  F(u>)  and  G(i o)  have  the  analytic  [17]  representation 


(49) 


In  order  to  improve  convergence  ol  the  function  /•(to),  we  have  subtracted  out 
the  zero-th  moment  as  was  discussed  above.  The  function  O'(ot)  has  a  zero-th 
moment  of  2<J  (i(w)  <Jw  2).  Wc  have  used  the  triangle-like  function  G,( to) 

(50) 


G,(ui)  5(1  -  SGN(to)  to/3] 
which  has  the  analytic  transform 


F,(to) 


to 

til 


3 

3 


to^  |n  (o >  __  3)(to_-T  3) 
3  to* 


(51) 


Note  that  to  first  order,  the  log  poles  in  (51)  at  J_3  cancel  (F,  is  ,og-singular  in 
its  derivatives)  as  is  shown  in  Fig.  1(b).  Should  the  presence  of  such  poles  prove 
detrimental,  in  given  applications,  a  less  singular  function  than  (50)  should  be 
used.  For  the  cases  considered  here  (50)  and  (51)  cause  no  problems. 


TABLF  If 

Convergence  error  of  the  expansion  of  the  density  of  cubic  .v  states  G  and  its  Hilbert 
transform  Fin  scaled  Hcrmitc  functions  of  various  order  n 


n 

G(a>) 

to  *  o 

to  -0 

Po  /  0 

F(w) 

to  o 

25 

0.0324 

0.0097 

0.1647 

0.0099 

50 

0.0221 

0.0055 

0.1653 

0.0071 

100 

0.0158 

0.0028 

0.1660 

0.0064 

150 

0.0126 

0.0022 

0.1659 

0.0065 

200 

0.0105 

0  0018 

0.1658 

0.0066 

250 

0.0086 

0.00!6 

0.1656 

0.0066 

In  Table  II  we  test  the  convergence  of  the  Hilbert  transform  by  listing  the  rms 
error  (of  both  O’  and  F)  as  a  function  of  total  n  umber  of  expansion  terms.  The  error 
is  defined  as 


error5  -r:-  £  (GAW,)  -  G(u»,))2, 

'W  i 


(52) 
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where  Ga  is  the  analytic  function  (49),  and  G  is  formed  from  the  expansion  proce¬ 
dure.  The  two  separate  cases  cover  the  absence  or  presence  of  the  zero-th  moment 
function.  Clearly  the  presence  of  the  moment  function  is  very  helpful  for  t  ic 
accurate  evaluation  of  the  F  function,  but  makes  little  difference  to  the  G. 


TABLE  III 

The  effect  of  sealing  (he  expansion  function  on  the  residual  lining  error 


ItX) 


((‘i 


0) 


0.25 

0.50 

1.0 

1.5 
2.0 
2.36 

2.5 
3.0 

3.5 
4.0 

4.5 
5.0 


0.0237 

0.0006 

0.0060 

0.0044 

00034 

0.002X 

O.IXI27 

0.1X124 

0.0022 

0.0021 

0.0020 

0.0040 


0  021 1 
O.OtWX 
0.(X)75 
0.006X 
0.(X)65 
0.0064 
0.0064 
0.0065 
0  0065 
0.0066 
0  0066 
0.0074 


Table  III  shows  the  effect  of  scaling  on  the  error.  Here  the  number  of  expansion 
coefficients  was  fixed  at  100,  and  «  was  varied.  The  broad  minimum  around  the 
value  a  -=  2.36  suggests  that  the  exact  value  of  <*  is  not  critical.  If,  however,  « 
deviated  grea  ly  from  this  minimal  value,  serious  errors  could  result. 

Finally  we  note  a  parenthetical  result  of  our  work:  the  function  G’M  contains 
four  types  [18]  of  critical  points  and  the  function  F(w)  contains  four  critical  points. 
We  see  that  the  four  critical  point  in  g(u>)  are  mapped  precisely  into  the  four  of 
F(u>),  i.e.,  at  exactly  the  same  a>,  except  that  the  types  of  critical  points  have  inter¬ 
changes  under  Hilbert  transform  as  M,  ;  Wa  <->  M3  .  We  conclude  from  this 

simple  example  that  critical  point  structure  cannot  shift  m  iu  under  a  proper 
Hilbert  transform  [19]. 

B.  Transition  Metal 

For  our  second  example  we  consider  the  more  complicated  case  of  electronic 
structure  of  the  lowest  1 1  conduction  electrons  of  a  facc-ccntcrcd-cubic  transition 
metal  here  palladium  as  calculated  by  Mueller,  Freeman,  Dimmock  and 
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Furdyna  [20].  We  recall  that  the  noninteracting  electronic  Greens’  function  in 
the  momentum  and  frequency  representation  for  n  bands  is  given  by  [21] 

G°(h,  a,)  =  £  (w  -  En(k)  b  ir,  SGN (EM  -  n))~\  (53) 

n 

where  rj  is  an  infinitesimal  and  ft  is  the  Fermi  energy  Er .  The  imaginary  part 
of  (48)  is  given  by 

ImG°(A,  w)  =  n  £  SGN(£„(£)  -  fi)  «(£„(*)  -  «)  (54) 

n 

and  the  density  of  states  of  the  lowest  1 1  electrons  is  given  by 


ENERGY  IN  RYDBERGS 

Fig.  2.  The  density  of  states  (a)  and  Hilbert  transform  (b)  of  electrons  in  fee  palladium. 
The  dashed  line  has  a  zero-th  moment  of  1 1 .  Because  of  the  small  error ,  only  the  expansion 
functions  have  been  plotted. 
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and  is  plotted  in  Fig.  2(a).  The  dispersion  relation  for  the  Greens’  I  unction  is 
given  by 

/»  r™  ,  ImG"(/t,  af')  SGN(oj'  /t) 

Re  Ga(k,  u  *»' - -  • 

where  the  presence  of  signum  function  in  (56)  removes  the  signum  function  in  (54), 
so  that  the  integral  to  be  performed  in  (56)  is  just  the  pn=l ^ 


- o-  —  »- 

G  —  G„  H  iG,  where 


so  that 


■  the  first 

BZ  to 

prod 

[GuMj 

2  f 

(Re) 

1  G,{w)\ 

(2 rtf  J 

llm) 

G°(k,  w)Jk , 


CM -»rSGN(« -#»)<?<«>. 

We  have  taken  the  signum  function  weighted  Hilbert  transform  of  G,(a>)  using 
the  method  given  in  Section  II  by  expanding  g(w)  in  the  first  250  Hermite  functions. 
We  have  used  a  scale  factor  «  31.34.  We  notice  that  the  tact  that  CM  ha*  no 

parity  symmetry  docs  not  harm  our  completely  general  transformation,  Lq.  -')• 
We  give  our  results  in  Fig.  2(b).  Note  that  we  have  used  atomic  units  o  states 
per  atom-Rydbcrg  for  both  the  real  and  imaginary  parts.  1  he  total  tunc  lor  our 
routines  for  the  250  term  expansion  was  4  min  on  the  1 BM  360/50/75  at  the  Applied 
Mathematics  Division  at  Argonne  National  Laboratory. 


Summary  and  Discussion 

In  this  paper  we  have  considered  an  exact  numerical  procedure  for  finding  the 
Kramers- Kronig  or  Hilbert  transform  of  a  given  function  by  means  ol  an  expan¬ 
sion  in  terms  of  Hermite  functions.  The  practical  advantage  of  removing  the  low- 
order  moments  of  the  initial  function  by  means  of  an  analytic  lilting  procedure 
have  been  stressed.  Because  of  the  simplicity  and  speed  of  expansion  ol  numcrica 
results  in  tei.ns  of  Hermite  functions,  wc  believe  that  our  procedures  should 
prove  useful  in  a  wide  variety  of  problems.  Finally  although  all  of  our  discussion 
of  this  paper  has  been  couched  in  terms  of  the  Hilbert  transform,  we  point  out 
that  our  expansion  procedure  in  terms  of  Hermite  functions  arc  equal  y  valid  for 
the  Fourier  transform  kernel,  Eq.  (20).  Thus  ir.  contrast  to  Russel  [22]  who 
concluded  in  1933  that  “this  use  of  Hermite  functions  (i.e.,  Four.cr  transformation) 
is.  in  general,  not  practicable,”  we  believe  that  Hermite  functions  arc  eminently 
suitable  for  such  numerical  work. 
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n  300 


i 


x* 


ivt.'(  > 


3ft  0.45759  71732  17077(01) 

37  0.47064  80204  6641  X<0 1) 

38  0.4837127313  32040(01) 

39  0.49679  17522  38613(01) 

40  0.50988  55355  95289(01) 

41  0.52299  45400  40867(01) 

42  0.5361192306  97249(01) 

43  0.54926  00794  31646(01) 

44  0.56241  75651  28007(01) 

45  0.57559  21739  68179(01) 

46  0.58878  43997  23317(01) 

47  0.60199  47440  56127(01) 

48  0.61522  37168  34511(01) 

49  0.62847  18364  57277(01) 

50  0.64173  96301  92552(01) 

51  0.65502  76345  29639(01) 

52  0.66833  63955  45051(01) 

53  0.68166  64692  83536(01) 

54  0.69501  84221  54947(01) 

55  0.70839  283 1 3  47863(01 ) 

56  0.72179  02852  60936(01) 

57  0.73521  13839  52988(01) 

58  0.74865  67396  12971(01) 

59  0.76212  69770  50959(01) 

60  0.77562  27342  11436(01) 

61  0.78914  46627  10220(01) 

62  0.80269  34283  96470(01) 

63  0.81626  97119  41308(01) 

64  0.82987  42094  5472(801 ) 

65  0.84350  7633132506(01) 

66  0.85717  07119  35176(01) 

67  O.87O86  4l923  008(iO(OI) 

68  0.88458  88388  94404(01) 

69  0.89834  54353  95049(01) 

70  0.91213  47853  25241(01) 

71  0.92595  77129  23309(01) 

72  0.93981  50640  63013(01) 

73  0.95370  77072  23158(01) 

74  0.96763  65345  10753(01) 

75  0.98160  24627  41485(01) 

76  0.99560  64345  81581(01) 

77  0.10096  49419  75549(02) 

78  0.10237  32416  32419(02) 


0. 1 3044  06280  101 23(00) 
0.13057  70514  00859(00) 
0.13071  79099  13169(00) 
0.1.3086  32621  92688(00) 
0.13101  31692  96599(00) 
0.131 16  76947  7444(400) 
0.13132  69047  53321(00) 
0.13149  08680  27683(00) 
0.13165  96561  54062(00) 
0.13183  33435  50938(00) 
0.13201  20076  04081(00) 
0.13219  57287  77684(00) 
0.13238  45907  31631(00) 
0.13257  86804  45272(00) 
0.13277  80883  48087(00) 
0.13298  2 9084  57699(00) 
0.13319  32385  25665(00) 
0. 13340  91801  9 1 540(00) 
0.13363  08391  45774(00) 
0.13385  93253  01981(00) 
0.13409  17529  79220(00) 
0.13433  12410  94941(00) 
0.13457  69133  69326<(X» 
0.13482  88985  4 P 87(00) 
0.13508  73306  00484(00) 
0.135.35  23490  25737(00) 
0.13562  40990  48361(00) 
0.13590  27319  23935(00) 
0.1 3ft  1 8  84052  24215(00) 
0. 1 3648  12831  46922(00) 
0.13678  15368  45252(00) 
0.13709  93447  7862(800) 
0.13740  48930  86255(00! 
0.13772  83759  85364(00) 
0.13805  99961  95847(00) 
0.13839  99653  93597(00) 
0.13874  85046  94727(00) 
O.I39IO  58451  73204((X» 
0.13947  22284  14639(00) 
0.13984  79071  09224(00) 
0.14023  31456  87203(00) 
0.14(8)2  82210  (8)407(00) 
0.14103  34230  53899(18)) 
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79 

80 
81 
82 
8.1 

84 

85 

86 

87 

88 
89 
‘8) 

91 

92 
9.1 

94 

95 

96 

97 

98 

99 

100 
101 
102 

103 

104 

105 
186 

107 

108 

109 

110 

111 

112 

113 

1 14 

1 15 

116 

117 

118 

119 

120 
121 
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N  300 

A." 


WV(AV) 


0.10378 
0.10520 
0.10662 
0.10804 
0.1 09' 7 
0.1 1  O' I 
0.11235 
0.11379 
0.11524 
0,111.70 
0. 1  f  8 1 6 
0.1  962 
0.12109 
0.12257 
0.12405 
0.12554 
0.12704 
0.12854 
0.13005 
0.13156 
0.13308 
0.13461 
0.13615 
0.13769 
0.13925 
0.14081 
0.14238 
0.14396 
0.14554 
0.14714 
0.14875 
0.15037 
0.15199 
0.15363 
0.15528 
0.15695 
0.15862 
0.16031 
0.16201 
0.16372 
0.16545 
0.16720 
0.16896 


56  52  0.3934(02) 
22585  77901(02) 
31909  07108(02) 
85547  71127(02) 
84663  48299(02) 
30455  98719(02) 
24164  59115(02) 
67070  50575(02) 
60499  00201(02) 
05821  77869(02) 
04459  49367(02) 
57884  4736’ (02) 
67623  61745(02) 
35261  51134(02) 
62443  77416(02) 
50880  65523(02) 
02340  90794(02) 
18705  96601(02) 
01874  45190(02) 
53867  05064(02) 
76781  78634(02) 
72809  74304(02) 
44241  276X2(02) 
93472  77255(02) 
23014  004X2(02) 
35496  17129(02) 
44680  67554(02) 
20468  74742(02) 
98912  00145(02) 
72224  04828(02) 
43793  29162(02) 
17197  06303(02) 
96217  27093(02) 
84857  76849(02) 
87363  67X60(02) 
08242  95442(02) 
52290  50138(02) 
24615  25285(02) 
30670  63404(02) 
76288  99143(02) 
67720  60003(02) 
11678  04732(02) 
15386  92596(02) 


0  14144 
0.14187 
0.14231 
0.14276 
0.14322 
0.14.369 
0.14418 
0.14467 
0.14519 
0.14571 
0.14625 
0.14681 
0.14738 
0.14797 
0.1 4857 
0.14919 
O.I49H3 
0.15049 
0.151 17 
0.I5IH7 
0.15259 
0.15333 
0. 1 5409 
0.15488 
0.15570 
0.15654 
0.15741 
0.15832 
0.15925 
1).  16021 
0.1 61 21 
0.16225 
0.16333 
0. 1 6444 
0.16560 
0. 1 668 1 
0.16807 
0.16938 
0.17074 
0.17217 
0.17366 
0.17522 
0.17686 


90557  92188(00) 
54379  447631(H)) 
29039  36427(00) 
18048  6X347(00) 
25095  76.357(00) 
54057  73886(00) 
09012  8764 1  (00 1 
94253  95006(00) 
14302  73312(00) 
73925  72203(00) 
78151  21696(00) 
32287  89954(00) 
41945  06735(00) 
13054  70132(00) 

5 1 895  *6805(00) 
65119  58192(00) 
59780  6X36-1(00) 
47366  52432(00) 
23833  2X534(00) 
09644  007X6(00) 
09X10  X602X(00) 
33941  8326X100) 
92292  41913(00) 
95X22  93313(00) 
56262  I9XX50KM 
X6I7X  47X5(400) 
9905  X  63159(00) 
09396  66510(00) 
32793  02607(00) 
X6066  21943(00) 
X7.37X  60X54(00) 
56.37X  59000*00) 
14361  73422(00) 
84453  97047(00, 
91820  49064(00) 
(.3904  76960(00) 
30703  001 10(00) 
25080  35034(00) 
83136  80970(00) 
44632  16932(00) 
53481  79044(00) 
58337  63597(00) 
13272  53247(00) 
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S  ---  300 


wvu.") 


0.17073  86643  9 
0.17253  33884  C 
0.17434  66257  7 
0.17617  93721  5 
0.17803  27143  3 
0. 1 7990  78426 1* 
0.181 80  60658  ( 
0.1 8372  8828.3  • 
O.I8567  773I5  I 
O.I8765  455921 
0.18966  13090  1 
0.19170  023061 
0.19377  38737  ' 
0.19588  51493  I 
0.19803  74063 
0.20023  453.30 
0.20248  10898 
0.20478  24882 
0.20714  52.368 
0.20957  72896 
0.21208  85516 
0.21469  16418 
0.21740  .30968 
0.22024  53745 
0.22325  04.3.39 
0.22656  67666 
0.22997  51746 
0.23393  2352.3 
0.23874  80976 


97687(02) 

07672(02) 

78456(02) 

57181(02) 

38727(02) 

89313(02) 

60659(02) 

37200(02) 

18488(02) 

55524(02) 

5777.3(02) 

03538(02) 

7630.3(02) 

01395(02) 

I  11253(02) 
1.54717(02) 

I  76033(02) 

!  040.38(02) 

I  44.350(02) 
>  96028(02) 
i  34067(02) 
3  42953(02) 
3  97619(02) 

5  02475(02) 
)  47069(02) 
f>  71.338(02) 
(.  38731(02) 
3  10660(02) 

6  .36942(02) 


0.17857  7 

0.18038  1 

0.18228  I 

0.18428  i 

0.18640  1 

0.18864  t 

0.19102  . 

0.19355  1 

0.19625  : 

0.19914  : 

0.20224 

0  20558  : 

0.20919. 

0.2131 1  ' 

0.21739 

0.22210 

0.22729 

0.2.3308 

0.23959 

0.24698 

0.25547 

0.26541 

0.27724 

0.29172 

0.31006 

0.33448 

0.36961 

0.42754 

0.55859 


78590  1  8452(00) 
21789  34597(00) 
18718  25591(00) 
54965  61 106(00) 
27547  89126(00) 
46971  09744(00) 
39769  78230(00) 
51660  47093(00) 
51494  30925(00) 
.36261  35969(00) 
37496  08.365(00) 
29575  48059(00) 
40612  595.33(00) 
66968  92843(00) 
l  92907  56593(00) 

)  17702  33716(00) 

)  93817  84612(00) 

!  81972  22952(00) 

>  32745  7152.3(00) 
(11437  11762(00) 
)  96.378  30989(00) 

1  08377  29415(00) 
4  88800  065076)0) 
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Electronic  Structure  of  Single  Crystal 
and  Amorphous  SbgSe,1) 

By 

J.  C.  Shaffer  (a),  B.  Van  Pelt  (a),  C.  Wood  (al, 

.1.  Fkkeouf  (b),  K.  Murase  (b),  and  J.  W.  Osmun  (b) 

The  near  nonuiil  incidence  reflectivity  of  Sh.jSe.,  lias  been  measiirod  upon  both  oryHtalline 
and  amorplioiiH  HiuupIcH.  The  (lain  wore  obtained  for  two  pnlari/.ntionB  (IS  ||  a,  IS  j|  c)  in  the 
cleavage  plane  of  the  eryHtnl.  The  data  wore  K raincra- K ronig  analyzed  and  the  Implications 
of  I  lie  results  regarding  tin'  eleetmnie  Htrue.ture  of  the  compound  were  interpreted  in  terms 
of  a  valence  bonding  model.  In  particular  the  vnlonee  hand  eleetroim  divide  info  those  in 
weakly  bonding  resonance  states  and  those  in  covalent  bonding  stales.  Upon  tin*  amorphous 
to  crystalline  I  munition  it  is  the  optical  transitions  originating  in  the  rosonance  bonds  which 
tvp|s<ar  to  be  principally  influenced. 

Is!  dogrh  do  reflexion  a  etc  incaurA  pour  Sb3Sea  erislallio  ct  amorphe.  Les  donnefs  ont 
6t6  obtemis  pour  deux  polarisations  (li  ||  a.  Ii  ||  r)  dans  le  plan  do  clivage  du  cristal.  Los 
donnobs  out  bib  analyses  d'apros  les  relations  Kramers- Kronig  ot  los  implications  do  la 
composition  electronic]  no  (In  cnmpoab  ont  btb  iutorpretb  snivant  lin  module  des  liaisons  de 
valence.  Ell  particulicr  les  electrons  de  111  baud  de  valence  sont  separbs  on  liaisons  do  reso¬ 
nance  et  liaisons  oo  vale  life.  Avne  la  transition  do  I'btnt  ainorpho  A  I’btat  cristallin  los  tran¬ 
sitions  optiqno  tirent  lour  originc  des  liaisons  do  rosonanoo  qoi  Bout  principulcmout  affcctbB. 

1.  Introduction 

The  optical  properties  of  single  crystal  and  amorphous  Sb2Se3  have  been 
measured  in  the  energy  range  0  to  24  eV  in  order  to  characterize  the  influence  of 
long  range  order  on  the  electronic  structure  in  this  compound. 

2.  Experiment 

Crystalline  Sb2Se:l  is  orthorhombic  (a  —  11.62  A,  b  =  11.77  A,  r.  3.69  A) 
(1 1  ol  space  group  l)J®,  type  l)§,  with  20  atoms,  i.e.,  4  molecules/iinit  cell.  The 
atoms  are  arranged  in  a  layer  structure  with  layers  J_  b  and  weak  Sb-Se  bonding 
I  M  between  layers  ami,  therefore,  the  crystals  exhibit  natural  cleavage  J_  ft. 
Excellent  minor-like  smiaces  for  optical  studies  with  polarizations  IS  ||  «  and 
IS  ||  «•  can  lie  prepared  by  cleaving.  However,  great  difficulty  is  experienced  in 
preparing  good  surfaces  perpendicular  I  n  the.  cleavage  plane  because  I  lie  crystals 
are  soft  and  easily  deformed.  Slight  surface  oxidation  occurs  if  tile  crystals  an; 
exposed  to  air  for  long  periods  (days).  Hence,  all  optical  samples  were  either 
freshly  cleaved  or  kept  under  an  argon  atmosphere  prior  to  iiicuhii cement. 

M  This  work  was  supported  by  the  Advanced  Koscaroli  Projects  Agency  of  the  Depart- 
ment  of  Defense  and  was  monitored  by  the  Army  Research  Office,  Durham,  under  Contract 
No.  DA-AKO- D-31  •  1 24-7 l-t !  132.  We  wish,  also,  to  acknowledge  support  by  the  U.S. 
Air  Force  Office  of  Scientific  Research  under  contract  numhers  F44<i20-7I-(MH»25  and 
F44020-70  C  0020. 
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Sin<?l(!  crystals  of  Sh2,Se3  were  grown  in  a  zone  refiner  [2]  from  0.999999  purity 
(dements  after  extensive  zone  refining  of  the  compound.  Amorphous  films  of 
SI)2Se3  wore  prepared  hy  controlled  coevaporation  of  the  elements  [3]  onto  room- 
temperatnre  fused  quartz  substrates. 

Various  spectrophotometers  having  overlapping  energy  ranges  were  used  to 
cover  the  energy  range  (t  to  24  eV  and  comprised  :  a  Cary  14R  (0.4  eV  to  6  eV); 
a  McPherson  225  with  llinteregger  Light.  Source2)  (4  to  12  eV);  a  McPherson 
235  with  Synchrotron  Radiation  Source  (4  to  24  eV).  Optical  reflectivity  was 
measured  using  the  following  apparatus:  a  Cary  Model  1413  Reflectance  Attach¬ 
ment.  (<).  !  to  tirV);  a  McPherson  Reflectance  Attachment  (4  to  12  eV);  reflec¬ 
tance  apparatus  described  in  [4|  (4  to  24  eV).  Sheet  polarizers  wore  used  in  the 
range  t),4  to  t»  <^V  (Polaroid  Hit  and  Polarcout  ultraviolet,  polarizers).  The 
naturally  occurring  polarization  of  about  80%  in  the  Synchrotron  radiation  and 
reflectance  attachment,  obviated  the  need  for  polarizers  in  the  range  4  to  24  eV. 


3.  Ilefloctance  Results 


I  lie  room-temperature  reflectivity  at  near  normal  incidence  of  single  crystal 
SlrjSo;,  in  the  energy  range  tt  to  5  eV  is  shown  in  Pig.  I  for  both  E  ||  a  and  li  ||  r. 
'This  data  represents  the  maximum  values  obtained  from  measurements  taken 
on  live  different  single  crystal  samples  of  Sb3Se3.  The  reflectance  values  of  tlui 
various  samples  were  found  to  lie  within  a  range  -j- 2 *%,. 

The  structure  displayed  hy  the  single  crystals  in  the  range  of  t  he  hroad  re- 
llcetivity  maxima,  I  to  ti  eV,  is  in  good  general  agreement  |5|  with  the  data  of 
Khutov  el  al.  |0|  (see  Table  I)  and  is  a  result  of  structure  in  the  joint  density  of 
states.  1  he  spectrum  ot  >Sh2Sc.,  near  t  int  absorption  edge  indicates  that  the  ex¬ 
tremes  of  the  valence  and  conduction  bands  occur  at  different  points  in  the  zone 
and  that  absorption  begins  with  an  indirect  transition  at  l.lfieV  1 7] ;  this  is 
appreciably  higher  t  ban  the  value  of  0.89  eV  reported  by  Sobolev  etui.  |8J.  From 

symmetry  considerations  on  isostruetural 
SlijS.,.  Audzijunis  et  al.  |9|  have  suggest¬ 
ed  that  the  maximum  of  the  valence 
hand  at.  the  center  of  the  Rrillouin  zone 
I1  is  split  into  subhands  1%  rg,  and  T4. 
Correspondingly,  Sobolev  et  al.  have 
associated  transitions  between  T2(jK  ||  a), 
l  «  {K  II  h),  I’i  (E  ||  «•).  and  the  state  Tj 
at  the  conduction  band  minimum  with 
the  lowest  direct  transition  in  SboSe, 
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(peak  A,  in  Fig.  1).  No  assignments  lwvc  I  icon  made  for  the  higher  energy 
structure  in  llio  lm>ml  reflectivity  miixiiiiniii. 

in  marked  contrast,  t  lit'  broad  reflectivity  maximum  of  the  amorphous  form 
of  Nb,Se.,  iH  featureless  showing  that  the  selection  rides  for  these  transitions  are 
broken  and/or  tin*  critical  point  structure  in  the  densities  of  states  is  greatly 
smoothed  in  the  absence  of  long  range  order.  The  absorption  edge  of  amorphous 
SbjSCj,  at  approximately  1.211  eV  |3|  closely  corresponds  to  the  indirect  edge  in 
the  crystalline  material.  In  addition,  as  has  been  found  in  other  V-Vf  com¬ 
pound  semiconductors  { 1 1) |  as  well  as  Te  1 1 1 1,  the  reflectance  of  the  amorphous 
material  is  significantly  lower  than  that  of  the  crystal  in  the  visible  to  near  ultra¬ 
violet  spectral  range.  Interference  oscillations  prevent  extension  of  the  reflectiv¬ 
ity  measurements  lielow  about  1.5  eV. 

The  near  normal  incidence  reflectance  measured  in  the  range  4  to  24  eV  using 
synchrotron  radiation  is  shown  in  Fig.  2.  At  energies  greater  than  8  eV,  a  marked 
similarity  exists  between  the  reflectance  of  the  crystalline  and  amorphous  sam¬ 
ples.  The  minima  at  8  eV  closely  correspond  to  those  of  As2S3  and  As2Se3  [10] 
and  similarly,  by  Kramers- Kronig  analysis,  appear  to  be  associated  with  the 
threshold  of  a  new  absorption  process  from  a  deeper  lying  valence  band.  In 
the  region  of  this  second  broad  maxima,  two  marked  peaks  are  observed  at  10 
and  12.4  eV  independent  of  the  orientation  of  the  /J-voetor  or  the  absence  of 
long  range  order. 


-I.  Kramers-Kronig  Analysis 


The  normal  incidence  reflectivity  data  up  to  24  eV  described  above  have 
been  Kramers- Kronig  analyzed  by  tin'  method  described  by  Afslmr  ot  al.  [12, 
13].  The  method  essentially  consists  of  two  steps.  First  the  Kramers- Kronig 
relation  between  the  phase  and  the  modulus  of  the  complex  reflection  eotdfi- 
eient 
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is  separated  into  two  portions,  i.t\,  </>(«>)  =  ;j(co)  +  0(n>),  where 


|  CD 


P  f  In  p{w')  d«>' 
*w  “  *  | 


(2) 


and 


0( 


P  r  /l(m')  (ho' 

•»)  - 

n  J  id  - 


(3) 


In  these  relations  q( id')  is  the  modulus  of  the  complex  reflectivity  for  a  system  of 
charged  classical  harmonic  oscillators  chosen  to  have  a  reflectivity  p2(o>')  which 
closely  fits  the  measured  reflectivity  data  at  the  liigh  and  low  frequency  extre¬ 
mes  of  the  measured  range,  p*(<o')  thus  extrapolates  the  data  into  the  unmeasured 
spectral  regions.  The  x(<o)  can  easily  hr  computed  from  the  appropriate  die¬ 
lectric  function  (which  gives  rise  to  q*(id'))  of  the  ferm 

/( 


«(«»)  =  1  +  £ 


1  («>*  —  e>2)  +  i  1\  id 


(4) 


where  the  constants  (/ it  J\)  parametrize  the  strength  and  line  width  of  the  classi¬ 
cal  oscillator  with  resonant  frequency  mt.  In  the  analysis  of  the  data  presented 
hero  two  oscillators  are  sufficient  to  fit  the  data  at  the  extremes  of  the  data 
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Fig.  4.  Imntfhmry  part,  nf  dictcrtrir  function  of  erya- 
tnlllur  (K  ||  a,  K  1|  c)  and  uinorplinus  Sb,Ses 
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range'.  0(<»)  is  computed  by  expanding  .  I(m'),  the  residual  portion  of  In  r(m'), 
in  (termite  functions,  and  using  flic  ilenxite  repri'sentation  of  the  Hilbert  trans- 
forni  operator  developed  by  Afsliur  et  al.  |  12]  to  eomjiute  the  integral  in  (3). 
All  optical  functions  are  obtainable  from  p(n>)  exp  {»  f>(ft>)},  the  complex  reflec¬ 
tion  coefficient. 

In  Fig.  3  the  real  part  of  the  dielectric  function  f,(<o)  is  shown  for  llte  two 
polarizations  f£  ||  a  and  E  ||  <•  and  for  the  uniorphous  film  as  computed  from 
the  reflectivity  data  shove.  In  Fig.  4  the  same  display  is  made  for  r»(to)  and 
Fig.  5  shows  a  plot  of  the  energy  loss  function  Ini  t  1  in  each  esse. 

An  additional  interesting  feature  is  the  coni|>urison  of  the  sain  rules  on  rr,  (m)  -- 
(nrs(u»)/4  for  (lie  three  eases.  Thus  we  have  computed 


id'  r.(fti')  i ho' 


4n  r2 


m 


(5) 


in  each  ease,  where  w(m)  is  the  nnniher  of  elect  rons  per  molecule  participating  in 
transit  ions  up  to  frequency  «>.  and  Si  is  the  unit,  cell  volume.  Fig.  6  shows  ri(to) 
for  both  polarizations  of  the  crystal  as  well  as  for  the  amorphous  film.  In  each 
instance  there  is  a  discernible  inflection  in  n(«>)  between  7.0  and  8.0  eV  beyond 
which  »(«>)  rises  sharply  with  the  onset  of  the  A„  and  A13  peaks.  The  inflection 
is  slightly  obscured  for  E  ||  <•  by  the  A,  peak  ns  one  might  expect  from  Fig.  2 
and  3.  These  results  are  similar  lo  those  reported  on  Asj,Se3  and  As3S3  in  |I4|. 
In  all  eases,  however,  n(m)  attains  a  value  of  about  25  -*  20  electrons/inolceule 
for  h«>  —  24  eV,  Since  each  molecule  of  Sb3Se3  nominally  contributes  28  valence 
electrons  it  is  assumed  that  the  sum  rule  will  saturate  at-  nil  energy  slightly  grea¬ 
ter  than  24  eV  at.  28  eleclrons/molccule. 


5,  Discussimi  of  Hesulls 

Tt  is  reasonable  to  assume  that  the  transitions  which  dominate  up  to  8  oV 
involve  electrons  associated  with  (lie  weak  resonating  p-bonds  which  were  hypo- 
tlx  sized  by  Mooscr  and  Pearson  1 15]  to  oeenr  in  SI»2Se;l  on  the  basis  of  the  sl  rue- 
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tural  determinations  of  Tideswell  et  al.  [1].  At  energies  greater  than  ubont  8  eV 
the  onset  of  transitions  from  the  energetically  lower  states  associated  w  ith  eo\  a- 
lcnt  bonds  occurs.  Study  of  the  n(w)  curves  in  Fig.  6  indicates  that  the  lower 
frequency  portion  would  saturate  at  about  16  clectrons/moleeule  and  the  higher 
frequency  portion  at  an  additional  12  electrons/molecule.  This  compares  favor¬ 
ably  with  the  number  of  electrons/molccule  associated  with  the  weaker  and 
stronger  bonds  in  Table  6  of  fl  ]. 

The  suppression  of  the  reflectivity  of  the  amorphous  sample  in  the  visible  and 
near  ultra-violet  arise  from  sensitivity  of  the  transitions  from  the  resonating 
p-bonds  to  the  lack  of  long  range  order.  This  could  result  from  a  reduction  of 
the  average  matrix  element  for  these  transitions  or  from  reduction  of  the  density 
of  states  in  the  conduction  or  valence  bands  in  the  appropriate  energy  range. 
XPS  measurements  [16]  on  amorphous  and  crystalline  Sb2Se3  indicate  quite 
small  differences  in  the  magnitude  of  the  valence  band  density  of  states  in  the 
energy  range  of  interest.  Thus  this  effect  seems  to  be  associated  either  with 
reduced  matrix  elements  in  the  amorphous  material  or  with  some  influence  of 
the  disorder  on  the  conduction  band  density  of  states,  perhaps  through  a  reduc¬ 
tion  of  Sb  nd-bond  overlap  contributions. 

The  XPS  data  also  locates  the  4d  bauds  of  Sb  at  33  eV  below  the  top  ol  the 
valence  band  thus  obviating  any  direct  inlluoneo  of  these  levels  ou  the  optical 
properties  in  the  spectral  range  studied.  The  results  reported  here  on  the  sum 
rule  confirm  this. 

As  a  check  upon  the  accuracy  of  the  Kramers- Krouig  analysis  and  our  low- 
frequency  extrapolations  of  reflectivity  we  have  directly  computed  f|(0,  to),  the 
"frequency-dependent"  static  dielectric  constant,  from  the  Kraiucrs-Kronig 
formula 


f  i(t).  ot) 


2  f  dm' 

71  J 


where  e2(w)  is  the  imuginary  part  of  the  dielectric  function  obtained  from  our 
Kramers- Ki on ig  analysis  of  reflectivity.  Since  £j(0)  is  fixed  by  the  value  of 
reflectivity  in  the  low  frequency  limit  we  can  compare  ei(0,  w)  with  £,(())•  In 

Table  1 

ltcflectivity  peaks  energies  (eV)  of  Sb2Se:,  * ) 
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1  7.4 

1 
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*)  T]i,.  bracketed  data  are  from  the  work  of  Sbutov  et  al.  [6]  where  the  peaks  A8  to  Als 
were  measured  with  inipohimed  light  with  Is  ...  c  so  that  the  structure  in  this  Bpectra) 
region  is  not  strictly  comparable  with  the  present  results. 


517 


39 

Electronic  Structure  of  Single  (,'rystal  and  Amorphous  SbjSt^ 

every  ease  we  find  that  ^ [{0,  m)  approaches  the  e,(0)  value  assumed  by  extrapolat¬ 
ing  iff(o>)  to  low  frequency  and  is  equal  to  e,(0)  within  5%  at  the  upper  end  of 
our  data  range.  4(0,  m)  is  found  to  be  smaller  for  the  amorphous  sample  reflect¬ 
ing  the  smaller  overall  magnitude  of  the  low  frequency  reflectivity  in  this  ease. 


C.  Summary 

To  summarize,  the  following  points  arc  to  be  emphasized.  In  comparison  with 
the  work  of  Shutov  et.  til.  (Il(  this  study  shows  some  differences  in  the  exact 
lot-til  ion  of  certain  of  the  critical  point  structure  in  the  refleetanee  of  crystalline 
Sb,Sc3  (see  Table  1).  In  general,  however,  the  agreement  is  quite  close  in  the 
overlapping  region  studied.  In  regard  to  comparison  of  the  amorphous  and  crys¬ 
talline  samples  it  is  seen  that  the  absorption,  as  characterized  byc2(w),  forexample 
shows  nearly  complete  smearing  of  the  critical  point  structure  in  the  amorphous 
material  in' the  visible  and  near  ultraviolet.  Furthermore  there  is  an  overall 
suppression  ol  the  absorption  in  comparison  with  that  of  the  crystalline  samples 
in  this  range.  Beyond  about  8.0  eV  the  spectra  of  the  crystalline  material  (for 
eillier  polarization)  and  (In'  amorphous  lilm  are  virtually  identical.  The  elose 
similarity  of  the  energy  loss  function.  line-1  lor  the  I  here  eases  (there  is 
a  near  coincidence  of  I iie  valence  band  plasma  peaks  at  about  17  eV) suggests 
tlial  the  occupied  hands  have  similar  overall  properties  in  the  amorphous  and 
crystalline  material,  c.g..  number  of  slates/volmne  and  average  effective  mass. 
We  conclude,  therefore.  I  hat  I  lie  influence  of  the  lack  of  long  range  order  upon 
the  electronic  structure  of  SluSc,  is  confined,  for  all  practical  purposes,  to  the 
conduction  la. ids  mid  higher"  valence  bands  of  (lie  nnitcriii  I.  and  that  loss  of 
long  range  order  alters  I  lie  weakly  bonding  resonance  electron  states  producing 
a  substantial  change  in  the  optical  pro|K'ities. 
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Physics  Department,  Northern  Illinois  University,  DeKalb 
Optical  Properties  of  the  Amorphous  System  Sbj_xSex 

By 

R.  MUELLER,  J.C.  SHAFFER,  and  C.  WOOD 
A  study  of  optical  properties  as  a  function  of  composition  for  the 
amorphous  system  Sb^_xSex  has  been  made.  The  reflectivities  of  thin  films 
from  this  system  with  x  =*  0.24,  0.60,  and  0.97  were  measured  over  a  range 
of  photon  energies  limited  at  low  frequency  Vy  interference  oscillations 
and  at  high  frequency  by  the  spectrometer  cutoff  at  11.0  eV.  The  films 
were  prepared  by  an  evaporation  technique  (1)  which  allowed  simultaneous 
preparation  of  samples  with  widely  varying  compositions.  The  reflectivities 
of  the  three  samples  are  shown  in  Fig.  1.  The  data  for  the  Se  rich  (x  <=  0.97) 
film  resembles  previous  results  (2,3)  on  amorphous  Se.  The  film  (x  =  0.60) 
shows  a  reflectivity  similar  to  previous  results  reported  for  amorphous  Sb2Se3 
(4).  The  Sb-rich  (x  »  0.24)  sample  has  a  reflectivity  fundamentally  different 
from  those  of  the  other  sam  les.  This  indicates  that  chemical  alterations  as 
a  function  of  composition  occur  in  this  system.  These  probably  include  con¬ 
version  of  Se  p-electrons  from  lone-pair  to  bonding  character  with  increasing 
Sb  concentration. 

In  order  to  employ  the  reflectivity  for  further  study  of  these  effects 
we  have  performed  Kramers -Kronig  inversions  on  these  data  using  a  technique 
outlined  previously  (4,5).  Here  we  nresent  two  results  of  the  analysis,  the 
imaginary  part  of  the  dielectric  constant  E2(u),  and  results  obtained  from  the 
frequency  dependence  of  the  f-sum  rule 

f u)'e9(u))d  to ’  =  e2  N(oj)  ,  (1) 

J0  m0 

where  e  is  the  electronic  change,  1%,  the  (free)  electronic  mass,  and  N(oj) 
the  number  of  electrons  per  unit  volume  participating  in  transitions  up  to 


frequency,  u. 

Fig.  2  shows  the  e2(u)  spectra  for  the  three  samples.  The  extra¬ 
polations  into  the  unmeasured  ranges  were  made  as  in  (4).  In  the  over¬ 
lapping  range,  the  c2  spectrum  for  the  sample  with  x  =  0.60  closely 
matches  that  reported  previously  (4)  for  a  different  sample  of  amorphous 
Sb2Se3  for  which  reflectivity  data  extended  to  24.0  eV.  The  samples  with 
x  =  0.60  and  x  *>  0.97  show  two  main  peaks  in  their  e2  spectra,  consistent 
with  the  division  of  the  valence  band  p-electrons  into  lone-pair  and 
bonding  states.  The  sample  with  x  =  0.24  exhibits  no  discernible  division. 
The  low  frequency  spectra  exhibit  edges  in  e2(u>)  which  compare  favorably 
with  the  fundamental  absorption  edges  obtained  from  reflectivity  and  trans¬ 
mission  measurements  (1). 

Fig.  3  presents  the  results  from  the  f-sum  rule  (eq.  1)  in  terms  of 
the  number  of  electrons  per  formula  unit  (Sbi_xSex),  n(oi),  exhausted  in 
electronic  transitions  up  to  frequency  co.  To  compute  these  results  it  is 
required  that  the  mass  density  of  each  sample  be  known.  The  densities  were 
estimated  from  a  linear  extrapolation  fitted  to  the  crystalline  densities 
of  Se  and  Sb2Sej.  The  absolute  values  of  n(co)  are  lower  than  those  which 
would  be  obtained  from  the  correct  densities  of  the  amorphous  films.  As  the 
principal  interest  is  in  trends  in  the  system  and  the  existence  and  frequency 
location  of  structure  in  n(ui)  this  expedient  is  justified. 

The  following  conclusions  are  inferred  from  the  analysis.  No  clear 
separation  of  the  Se  p-electrons  into  bonding  and  non-bonding  states  is  pre¬ 
sent  for  x  0.24.  The  reflectivity  and  e2  spectra  r,how  such  separation  of 
these  states  for  the  x  =  0.60  and  x  =  0.97  samples.  The  sum  rule  exhibits 
inflections  at  hoj  =  6.7  eV  and  6.5  eV  for  x  =  0.60  and  0. 97,  respectively,  but 
no  inflection  for  the  x  *  0.24  sample.  We  conclude  that  at  lower  Se  com¬ 
positions  the  p-electrons  of  Se  are  all  in  bonding  states  in  order  to  satisfy 
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the  valence  requirements  of  the  Sb  atoms.  It  is  also  evident  that  n(w) 
for  the  SbQ,4os®o.60  sample  rises  above  the  same  quantity  for  SbQ,03s«0.97 
in  the  low  frequency  region.  This  suggests  that,  for  the  former,  not  only 
Se  lone  p-pairs  but  other  p-electrons  of  both  Se  and  Sb  parentage  contri¬ 
bute  to  the  low  frequency  absorption  band.  A  similar  conclusion  has  been 
made  from  photoemission  studies  on  Sb2Se3  (6).  Also  the  recent  electronic 
structure  calculation  of  Chen  (7)  indicates  considerable  overlap  of  lone 
pair  and  bonding  states  for  elemental  amorphous  Se. 
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Figure  Captions 

Fig.  1.  Front  surface  reflectivity  versus  photon  energy  (hu)  for 

film  compositions:  x  ■  0.24  ( — );  x  ■  0.60  ( — and  x  » 

0.97  ( . ). 

Fig.  2.  Imaginery  part  of  the  dielectric  constant  e2O0  versus  (hw)  for 
x  «  0.24  ( - );  x  »  0.60  ( - );  and  x  -  0.97  (- . ). 

Fig.  3.  Number  of  electrons  n(u)  versus  (hw)  for  x  ■  0.24  ( - );  x  * 

0.60  (-  -  -  and  x  ■  0.97 
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Abstract 

A  vacuum  co -evaporation  technique  lias  boon  dovo loped  basod  on  an 
elongated  substrate,  whoroby  essentially  tho  complete  compositional  range 
of  an  amorphous  binary  system  can  bo  propared  in  one  evaporation.  Tho 
method  is  particularly  suited  to  tho  preparation  of  amorphous  films, 
whoroin  tho  systoms  are  not  govornod  by  equilibrium  phase  diagram  con¬ 
siderations  . 

This  "olongatod  substrato"  tochniquo  has  boon  appliod  to  tho  Ga-So 

and  In-So  systoms,  and  by  investigating  tho  optical  and  transport  properties 

by  means  of  transmittance,  reflectance,  olcctrical  conductivity  and  thermo- 

omf  measurements  as  a  function  of  temperature  tho  effocts  of  compositional 

variations  on  tho  distribution  of  electronic  states  have  been  determined. 

Particular  attention  lias  been  paid  to  compositional  regions  in  which 

delocalization  of  electronic  states  could  occur.  The  results  have  been 

compared  with  studios  wo  have  made  on  other  binary  systems,  i.e.,  Sb-Se  and 

Go-Se,  and  interpreted  in  terms  of  tho  chemical  bonding. 
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1.  Introduction 


This  work  is  part  of  a  continuing  study  to  compare  the  properties  of 
the  amorphous  and  crystalline  phases  of  binary  chalcogenide  systems  and  to 
determine  the  influence  pf  chemical  bonding  on  the  properties  of  the  binary 
amorphous  solids.  To  this  end,  we  have  previously  (Wood  et  al.  1973a) 
selected  several  binary  systoms  Sb2_xSex,  Go2_xSqx  and  Goj_xTex  on  tho  basis  » 
of  tho  molecular  ionization  energies  of  the  end  components  and  attomptod 
to  trace  tho  development  of  theso  onorgios  across  tho  whole  phase  diagram. 

Here  wo  report  similar  studies  on  the  Group  III  -  chalcogonides :  Gai_xSox 
and  Ini_xSex. 

We  have  devolopcd  a  vacuum  co-ovaporation  technique  to  perform  theso 
studies  whereby  ossontially  tho  whole  compositional  range  of  an  amorphous 
binary  systom  can  be  propurod  in  ono  evaporation.  This  greatly  facilitates 
the  investigation  of  a  continuous  chango  in  physical  properties  over  a 
wide  compositional  rango  and,  since  amorphous  systoms  are  not  governed 
by  equilibrium  phuse  diagram  considerations,  tho  method  is  particularly  suited 
to  the  preparation  of  amorphous  materials. 

2.  Experimental  Procedures 

Basically,  tho  apparatus  for  this  coovuporation  technique  consisted  of 
a  Varian  ion-pumped  bell-jar  system  with  two  widely-spaced  Airco-Tomescal 
270°  electron  beam  (EB)  guns,  each  gun  being  controlled  by  modified  S±oan 
Omni  IIA  quartz-crystal  oscillator  evaporation-rate  controllers  (Wood  et  al.  1973b 
An  elongated  substrate  holder  of  length  equal  to  the  spacing  between  the  EB 
guns,  i.e.,  nearly  the  width  of  an  18"  bell  jar,  and  capable  of  being  maintained 
at  any  temperature  between  room  and  liquid  N2  temperature,  was  situated 
abovo  and  in  line  with  the  EB  guns.  A  sories  ( >  28)  of  fused  quartz 
substrates,  in  which  each  alternate  substrate  was  electroded,  was  held  in 


juxtaposition  in  the  holder.  Thus  each  substrate  received  a  different 
ratio  of  the  two  elements  because  of  differing  proximity  to  the  two  EB 
guns  (the  exact  ratio  being  controlled  by  the  settings  of  the  evaporation 
rate  controllers),  i.e.,  compositions  over  a  wide  range  were  prepared 
simultaneously. 

Our  present  system  incorporated  two  such  holders  situated  at  different 
heights  above  the  crucibles.  Hence,  for  a  given  ratio  of  evaporation 
rates  from  the  two  EB  guns,  a  broad  sampling  of  compositions  in  thick  films 
was  obtained  in  a  lower  substrate  rack  and  a  smaller  compositional  gradient 
about  a  preselected  composition  was  obtained  in  thin  films  from  the  upper 
rack. 

In  this  oxpoi’imont  the  elements  used  for  evaporation  wore  of  high 
purity  (6-9* s)  and  the  evaporations  were  carried  out  in  a  pressure  of 
'v.  10-7  nim  Hg,  or  lower,  at  extremely  low  evaporation  rates  ('v*  1  to  2  A/scc). 
Tho  compositions  of  selected  films  were  determined  by  electron  microprobe 
analysis  and,  from  tho  geometry  of  the  system  and  the  measured  evaporation 
rates,  tho  composition  was  calculated  (Wood  et  al.  1973b)  as  a  function  of 
position  in  the  holder.  The  films  were  determined  to  bo  amorphous  or 
crystalline  by  x-ray  diffraction. 

Details  of  measurement  of  optical,  electrical  and  thormo-omf 
measurements  have  been  reported  elsewhere  (Wood  et  al.  1973b),  only  the 
results  of  these  measurements  will  be  reported  here. 


There  are  very  few  references  in  the  literature  to  amorphous  modifi¬ 
cations  of  Gai_xSex.  Thomas,  1971,  states  that  diffractometer  traces  taken  from 
GaSe  films  deposited  on  room-temperature  substrates  in  some  cases  showed 
no  diffraction  peaks.  Electron-diffraction  studies  have  been  made  by 
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Tatarinova,  1956,  on  evs^^ratod  films  of  a-GaSo  and  by  Andriovskii  ot  al.,  1963, 
on  evaporated  films  of  a-Ga2Se3.  In  both  instances  the  nearest  neighbor 
distance  was  found  to  bo  considerably  less  than  that  of  its  crystalline 
counterpart  although,  in  contrast  with  GaSe,  the  short-range  order  in 
a-Ga2So3  was  similar  to  that  of  c-G&2^3>  However,  from  the  method  of 
preparation  great  reliance  cannot  be  placed  on  the  stated  compositions  in 
any  of  the  above  references  (Mueller  and  Wood,  1972). 

3.1  Preparation 

•  Throe  evaporation  runs  wore  carried  out  for  this  systom.  In  tho 
first  evaporation,  tho  substrates  wore  held  at  room-temperature  and  the 
film  thicknesses  were  1.2  microns  and  a#  3000  X  for  the  lower  and  upper 
substrates,  respectively.  Over  a  considerable  range  of  Ga-rich  compositions 
the  films  appoarcd  visually  to  bo  nonspecularly  reflecting,  i.e.,  as  if 
partially  crystalline,  although  x-ray  diffraction  measurements  showed 
no  evidenco  of  crystallinity .  Optical  and  electron  microscopic  examination 
of  tho  surfuce  of  a  film  of  composition  x  “  0.18  revealed  randomly 
spacod  globular  outgrowths,  of  a,  40  microns  diameter,  on  a  background 
having  a  pebbled  appearance  (fig.  1).  These  outgrowths  wore  revialed 
to  be  predominantly  Ga  by  focussing  on  one  in  a  scanning  electron 
mici'oscopo  (broton)  and  examining  tho  omitted  x-ray  spoctra.  Tho  outgrowths 
were  not  observed  in  films  in  tho  more  Se-rich  (x  >  0.55  and  0.39  for  lower 
and  upper  racks,  respectively)  composition  ranges. 

Two  subsequent  evaporations  were  carried  out  with  the  substrates  cooled 
by  liquid  N2.  Tho  surface  temperatures  of  the  substrates  were  a*  120°  K 
during  evaporation.  Here  the  thicknesses  for  both  runs  were  a.  6000  X  and 
%  1500  X  for  the  lower  and  upper  substrate  racks,  respectively.  Again,  all 
films  wore  amorphous  by  x-ray  diffraction  although  compositions  with  x  <  0.35 
for  the  lower  rack  were  non-spocularly  reflecting.  Por  the  whole  upper  rack 


3.2  Optical  and  Tranovort  Properties 

Optical  and  transport  measurements  were  made  only  on  films  which  did 
not  exhibit  surface  outgrowths,  i.e.,  in  tho  composition  range  x  >  0.38. 

The  optical  absorption  coefficients  («)  for  most  films  ranged  between 
•  i„3  t0  l0S  cm-1  and,  when  ..plotted  against  photon  energy  (hv) ,  fitted  well 
to  an  (ehv)*i  vs  hv  relationship  for  non-direct  transitions  (Oavis  and  Mott 
1971;  Tauc,  1970).  The  absorption  edge  positions  were  determined  from  tho 
intercept  of  the  curves  with  tho  a  -  0  axis  and  these  values  for  tho  optical, 
energy  gap.  Eg..  are  shown  in  fig.  2  a.  a  function  of  composition.  ■„  was 
found  to  decrease  non-linearly  with  increasing  temperature  in  the  rang. 

100*  K  to  300°  K. 

Optical  reflectivity  measurements  were  extended  to  12  eV  (Vaster)  on 

,  r>  ‘finYT  X  *>  0  S2  and  0.87  and  tho  results  Kramers -Kronig 
two  films  of  composition  x  »  0.5/ 

analysed  to  yield  values  of. eg  (fig.  8)  for  comparison  with  other  amorphous 
chalcogonido  systems.  Ootails  of  those  measurements  are  reported  elsewhere  . 

(Mueller  ot  ol . ,  1073) . 

Lateral-typo  four-probo  conductivity  measurements  wore  made  only  on 
films  in  the  composition  range  0.38  <  x  <  0.67.  although  the  resistances  of 
several  films  in  this  range  were  too  high  (>  10«  ohms)  to  be  measured. 

NO  systematic  trend  in  conductivity  with  composition  was  apparent.  All 
ether  films  were  either' too  high  in  resistance  to  be  measured  (x  >  0.67) 
er  exhibited  outgrowths  (x  <  0.38).  The  conductivity  generally  showed  a 
temperature  dependence  of  T-*  in  the.  range  200"  K  to  300”  X  (fig.  3)  suggesting 
a  variable  range  hopping  mechanism  (Davis  and  Mott.  1971)  to  be  predominant 
but,  as  Table  1  shows,  the  densities  of  statos  are  generally  unrealistically 
low.  Annealing  tended  to  increase  the  resistance  of  the  films  beyond  the 


moasuroable  range* 


For  several  selected  thick  films  6000  A  thickness)  of  widely  differing 
composition  the  conductivity  measurements  were  extended  to  above  room- 
temperature.  A  marked  increase  in  conductivity  over  one  or  several  orders 
of  magnitude  at  a  particular  temperature  was  taken  as  an  approximate 
indication  of  the  amorphous-crystalline  phase  transformation.  The  crystalliza¬ 
tion  temperature  was  taken  to  be  at  the  point  of  maximum  slope  and  this  data 
is  plotted  as  a  function  of  composition  in  fig.  4.  Crystallization  was 
confirmed  to  have  occurred  by  x-ray  diffraction  measurements. 

Wo  woro  unablo  to  mako  thormo-oloctric  moasuromonts  on  any  films 
because  of  their  high  rosistancos. 

4.  The  In^_xSex  System 

There  are  two  references  in  the  literature  to  amorphous  modifications 
of  Ini_xSox.  Those  are  the  electron  diffraction  studies  of  Tartarinova  and 
Kazmazovskaya,  1962,  on  a-InSe  and  of  Andrievskii  et  al . ,  1963,  on  a-In2Se3. 

< \  ■ l  Preparation 

In  view  of  our  experience  with  the  Ga^_xSex  system  we  did  not  attempt 
to  use  room-temperature  substrates  in  the  preparation  of  the  Ini_xSex 
system.  Only  one  evaporation  was  performed  onto  liquid  N2  cooled  substrates. 
Films  were  found  to  be  amorphous  by  x-ray  diffraction  over  the  composition 
rungo:  x  >  0.88  for  tho- lower  substrato  films,  ^  9000  A  thickness,  and  x  >  0.48 
for  tho  upper  substrate  films,  a.  2500  A  thickness.  No  globular  outgrowths 
were  observed  for  any  compositions,  however,  partially  crystalline  films  did 
exhibit  pebbled  surfaces. 

4.2  Optical  and  Transport  Properties 

In  the  composition  range  0.49  <  x  <  0.78  the  optical  absorption  was 
found  to  obey  an  (ahv)n  vs  hv  relationship  with  n  =  1/2.  Beyond  this  range, 
for  0.78  <  x  <  0.9,  the  exponent  n  appeared  to  be  ^  2/3  instead  of  1/2.  For 
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x  >  0.9,  n  was  M.  The  values  o£  Eg,  determined  from  the  intercepts  with 
the  o  -  0  axis  are  plotted  in  fig.  S.  Again,  Eg  was  found  to  decrease 
with  increasing  temperature  in  the  range  100°  K  to  300*  K  and  to  vary  non- 
linearly  with  temperature. 

Values  for  c2  determined  from  reflectivity  measurements  on  two  films 

of  composition  x  -  0..49  and  0.96  are  shown  in  fig.  8. 

For  this  system  a  In  o  *  vs  T*«behavior  was  obtained  only  for  indium- 

rich  compositions  x  <  0.54.  A  transition  between  the  T*  and  T“* 
dependences  occurred  at  the  composition  x  -  0.S4  with  the  conductivity 
obeying  the  T**1  relationship  near  ream-temperature.  For  x  >  0.54,  tho 
conductivity  obeyed  a  In  o  *  vs  T“1  relationship  with  the  slope,  i.e., 
thorinul  activation  energy  at  absolute  zero,  AE0  increasing  with  increasing 
So  content.  Tho  results  for  typical  films  are  shown  in  fig.  6,  with  tho 
compositional  dependence  of • AE0  compared  with  that  of  Eg  in  fig.  5.  Values 
of  tho  intercepts  with  the  T"1  -  0  axis  in  fig.  5,  i.e.,  o0  are 
listed  in  Tublo  2.  Sovoral  films  gave  unroalistically  high  values. 

Tho  crystalline  temperatures  determined  from  high  temperature 
conductivity  measurements,  as  for  tho  Ga^^x  system,  arc  plotted  in 
fig.  4. 

Seoback  coefficients  could  be  measured  in  this  system.  They  wore 
p-typo  for  all  films  and  tho  valuos  are  shown  in  fig.  7  as  a  function  of 

composition. 

5.  Discussion  and  Conclusions 

Crystalline  GaSo  is  built-up  of  4-fold  layers,  each  containing  two  . 
close-packed  gallium  layers  and  two  close-packed  selenium  layers  with 
covalent  bonding  within  and  van  der  Waals  bonding  between  layers. 


\ 


(InSo  has  a  similar  structuro).  From  infrarod  and  Raman  studies,  Wieting 
and  VOrble,  1972,  proposed  that  there  is  an  appreciable  ionic  or  coulombic 
interlayer  interaction.  The  coordination  numbers  of  gallium  and  selenium 
atoms  are  four  and  three  respectively.  Throe  crystal lographically  distinct  . 
•polytypes  of  GaSo  have  been  reported  in  tho  literature  (Shubert  et  al. 

1955;  Basinski  et  al.,1961).  The  fl  (D^5  and  e  (C^h)  structures  have  two-layer 
hexagonal  stacking  sequences  whorcas  tho  y  CC|jv)  structure  has  a  threo-layer 
rhombohcdral  stacking  sequonco.  Basinski  ot  al.,  1961,  have  suggested 
that  tho  stacking  fault  energy  in  GaSo  is  very  low  and  that  transformation 
from  one  modification  to  another  can  roadily  take  placo. 

Tho  other  major  compound  in  the  Ga^^  system  is  Ga^Cj  which  is  of 
cubic  3  B-type  structure  with  somo  motal  atom  sites  vacant  (Hahn  and  Klinger, 
1949).  Tho  coordination  numbers  for  Ga  and  Se  in  this  structure  are  4  and 
2.6,  respectively  according  to  Andriovskii  et  al . ,  1963.  Thus,  one  third 
of  tho  cation  sites  are  vacant.  Palatnik  et  al.  1967,  have  proposed  that 
each  So  donates  two  electrons  to  two  Ga  atoms  forming  sp3  hybrid  bonds 
thus  leaving  a  lone  p-pair  on  the  So  atoms  which  is  diroctod  towards  tho 

Ga  vacancy. 

Although  we  havo  direct  evidonco  of  phaso-segregation  occurring  only  for 
compositions  with  x  <  *  0.4,  the  strong  tondoncy  for  Ga  (and  In)  to  take 
up  a  tetrahedral  coordination  in  the  crystallino  form  and  tho  ease  with 
which  various  modifications  are  produced  is  strongly  suggestive  that  phase 
segregation  could  be  occurring  in  other  composition  rogions  of  these 
systems.  Phase-sogrogation  is  a  possible  explanation  for  tho  unrealistically 
low  valuos  calculated  for  tho  densitios  of  states  in  tho  variable  rango 
hopping  Conductivity  mode  in  Ga^Se*.  Preliminary  annealing  experiments  . 
did  not  improve  those  donsity  of  states  values  (Lewis,  1972)  and,  e.g., 

Ga  rejection  in  the  Ge-rich  region  and  Se  rejection  for  the  Se-rich  compositions 
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tended  to  raise  the  resistances  beyond  the  measurable  range •  A  Poole -Frenkel 
type  mechanism  has  been  invoked  to  explain  the  conduction  behavior  of  GaSe 
(Tatsuyama  et  al.  1971).  The  conductivity  vs  field  (F)  dependence  in  a 
broad  sample  of  films  was  not  exponential;  the  dependence  was  ohmic  at  low 

i  < 

fields  and  approximately  F1'3  at  high  (F  3000  volts  cm  *)  fields. 

The  room  temperature  resistivities  of  the  amorphous  and  crystalline 
phases,  where  x  ■  0.5  and  0.6,  closely  corresponded  except  for  In2Se3  where 

the  value  was  about  103  lower  in  crystal. 

No  discontinuities  in  physical  proportios  occurrod  in  Gai_xSox  system 
over  the  moasurod  composition  range.  However  in  the  In^_xSox  system  a 
marked  discontinuity  occurrod  in  optical  and  oloctrical  properties  at  x  'v  0.78.  , 

1  Jo low  this  composition  the  values  of  aQ  wore  <  10  2  ohm"1  cm”1  which  suggosts 
hopping-typo  conductivity  at  band  edges  (Davis  and  Mott,  1971)  whereas 
for  x  >  0.79  the  values  of  o0  jumped  to  improbably  high  numbers.  (Approximate 
values  of  exp  (y/k) ,  determined  from  the  temperature  dependence  of  E^,, 
i.e.,  y  ^0/2,  although  large  (up  to  ^  10"3  eV  °K_1)  were  insufficiently 
largo  to  roduco  oQ  to  commonly  occurring  values).  The  valuos  of  E^,  AE0 
B  and  n  (Table  2)  also  roso  rapidly  at  this  composition.  Hand  calculations 
for  GaSo  by  Uassini  and  Parravicini,  1967,  indicate  that  the  bottom  of  the 
conduction  band  is  formed  from  the  px  and  p y  orbitals  of  both  the  Ga  and 
Se  atoms  whereas  the  valence  band  is  formed  from  the  p2  orbitals  of  Se  and 
the  s  orbitals  of  Ga.  Similar  considerations  should  apply  to  InSe.  As  the 
concentration  of  Se  increases  to  high  values,  from  the  relative  ionization  energies 
of  In  and  Sc,  one  would  expect  the  lone-pair  p-clectrons  of  Se  to  form  the 
valence  band  (Kastner,  1972).  Perhaps  this  occurs  at  x  ^  0.78.  We  do  see 
evidence  of  this  in  the  e spectra  (sec  below,  fig.  8)  as  we  have  for  other 
amorpP  /us  systems  (Muellor  ot  al.  1973). 

The  optical  energy  gaps,  E  ,  for  the  a-Ga2_xSex  system  agree  reasonably 
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well  with  crystalline  phases  for  corresponding  valuos  of  x.  For  example, 
the  absorption  edge  in  c-GaSe  arises  from  direct  exciton  transitions  (Brebner 
and  Mooser,  1967)  and  has  been  reported  to  have  values  ranging  from  2.01 
to  2.139  eV (Grandolfo  et  al.,  1971).  For  a-GaSe,  Eg  is  n,  1.9  eV.  Tins 
shift  to  lowor  energies  may  be  ascribed  to  the  difference  in  short-range  order 
(according  to  Tartarinova,  1956,  there  are  6  atoms  in  the  first  coordination 
sphere  of  a-GaSe) . 

Electroabsorption  measurements  by  Askerov  ct  al.,  1972,  on  c-Ga2Se3 
showed  the  optical  absorption  edge  to  occur  at  2. 13 oV  and  arise  from  indirect 
transitions.  In  contrast  to  GaSo,  no  exciton  line  structure  was  observed. 

Its  absence  was  ascribed  to  the  strong  defect  nature  of  the  lattice,  which  would 
obviously  apply  to  the  amorphous  structure.  For  a-Ga2Sc3,  Eg  is  *  2.3  eV.  Tms 
higher  value  is  consistent  with  the  fact  that  although  a  tetrahedral  coordination 
of  atoms  is  maintained  in  the  amorphous  state  (Andrievskii  et  al.,  1963) 
the  radius  of  the  first  coordination  sphore  (2.25&)  is  less  than  the  Ga-Se 
distance  in 'the  crystalline  state. 

The  absorption  edgo  in  a-InSo  begins  with  indirect  transitions  at  ^  1.19  cV 
(Andriyashik  ct  al.,  19(8)  and  again  shows  exciton  structure,  as  in  GaSe.  This 
value  is  considerably  higher  than  the  optical  gap  of  a-InSe,  where  Eg  *  0.7  eV, 
which  is  surprising  in  view  of  the  identical  tetrahedral  coordination  of  the 
amorphous  and  crystalline  phases  (Tartarinova  and  Kazmazovskaya,  1962).  Much 
better  agreement  is  obtained  between  the  optical  gaps  of  c-In2Se3(Eg  *  1.2  eV, 
Nasledov  et  al.,  1958)  and  a-In2So3  where  the  short  range  order  closely 

corresponds. 

The  e^-spcctra  in  fig.  8  were  obtained  from  Kramcrs-Kronig  analyses  of 
the  reflectivities  of  a  collection  of  samples  chosen  te  indicate  the  trends 
occurring  in  each  of  the  four  binary  amorphous  systems  studied.  For  each  of 
the  systems,  Sh^Se*,  Go^Se^  and  In^Se^  a  similar  pattern  appears.  As 
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the  Se  content  increases  the  lower  band  in  the  spectrum  shifts  upward  in 
energy  and  reduces  in  strength*  At  sufficiently  large  Se  concentrations  in 
these  three  systems  a  second  higher  energy  band  appears,  and  the  spectra 
appear  qualitatively  similar  to  that  of  amorphous  Se  (Leiga,  1968;  Stuke, 
1969).  For  these  systems  it  is  conjectured  that  two  phenomena  are  occurring 
with  increasing  Se  content.  The  p-electron  contribution  to  the  occupied 
densities  of  states  is  splitting  into  two  parts  associated  with  bonding  and 
woakly  bonding  (lone  pairs)  states.  Secondly,  the  bonding  (cr)  and  anti- 
bonding  (a*)  states  are  separating  from  one  another  producing  a  larger  energy 
gap.  The  weakly  bonding  states  are  assumed  more  or  less  stationary  in 
energy  between  the  a  and  o*  states.  For  the  Ga^_xSex  system  there  is  no 
clear  separation  between  the  lone  pair  and  a  states  with  Se  concentration 
as  for  the  other  systems .  It  appears  that  at  lower  So  concentration  for 
the  systems  x^°x  studi®d  hero  the  So  p-elcctrons  are  primarily  utilized 
in  M-Se  bonds.  At  higher  Se  concentrations  significant  Se-Se  bonding  and/or 
M-So  bonding  with  Se  in  2-fold  coordination  occurs.  This  results  in  a 
separation  of  the  p-electron  states  in  weakly  bonding  and  bonding  types. 

Also  the  decreased  metallic  character  of  the  M-Se  and  Se-Se  bonding 
relative  to  the  M-M  bonding  produces  wider  o-o*  gaps  as  evidenced  by  the 
shifts  with  increasing  Se  concentrations  of  the  lower  peaks  in  the  optical 
spectra  to  higher  energy. 
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Table  1 

Optical  and  Electrical  Parameters  of  a-Ga1-xSe,, 
Films  as  a  Function  of  Composition 


Film  # 

% 

% 

X 

Es 

C«V) 

B 

eV^^-cm"1 

n 

Hopping 

Activation 

Energy 

A  w 

C«v) 

x  10“3 

Density  of 
States 
(cm“3) 

1L12 

.38 

1.5 

6.6  x  104 

2U6 

.40 

10 

2.5  x  1016 

2U7 

.42 

1.39 

3.4 

2U11 

.49 

1.77 

4.1 

>5 

• 

11.14 

.50 

3.3 

1.1  x  107 

2U13 

.52 

2.03 

4.4 

2U17 

.60 

2.27 

5.2 

2U19 

.63 

2.22 

4.9 

1L16 

.64 

4.7 

6.8  x  106 

2U21 

.66 

2.15 

4.4 

is 

2L.16 

.67 

6.8 

5.5  x  1013 

2U23 

.69 

2.12 

4.1 

- 

2U25 

.72 

2.03 

3.8 

>s 

• 

2U27 

.74 

1.95 

3.5 

h 

’  2L21 

.87 

1.99 

6.6 

4 

2L25 


93 


2.08 


7.4 


1 
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Optical  and  Electrical  Parameters  of  «-Ini-xSex 
Films  as  a  Pum  tion  of  Composition 


Film  # 

X 

Eg  B  x  105 

n 

AE0 

°o 

Seebeck 

Coefficient 

.  (eV)  eV*  ”^cm" 1 

CeV) 

ft*  * cm" 4 

CvV/oc) 

U7 

.49 

.73  3.5 

h 

U8 

.51 

* 

1.83xl0"3* 

1.68x10** 

♦57 

U9 

.53 

.75  .  2.9 

h 

U10 

.55 

.20 

l.lxlO"2 

♦153 

Ull 

.56 

1.04  3.1 

h 

U12 

.58 

.49 

1.2x10* 

♦408 

U13 

.60 

1.21  3.5 

h 

U14 

.62 

.52 

6.6x10* 

+563  . 

U15 

,64 

1.39  3.6 

h 

U16 

.65 

.49 

1.4X102 

+676 

U17 

.67 

1.59  3.9 

h 

U18 

.69 

.37 

5.7x10* 

+524 

U19 

.70 

1.82  4.3 

h 

U20 

.71 

.41 

2.6x10° 

+660  - 

U21 

.73 

1.76  4.1 

h 

U25 

.75 

1.69  3.8 

h 

U24 

.76 

• 

.57 

8.0x10* 

+56 

U25 

.78 

1.63  3.7 

h 

U26 

.79 

1.39 

1.3x10** 

U27 

.79 

1.98  6.4 

2/3 

L21 

.90 

2.04  6-9 

l 

< 

122 

.92  . 

1.47 

* 1.6xl012 

L23 

.93 

2.03  1 • 2 

l 

L25 

.95 

2.03  6.9 

l 

1.36 

1.1x10*° 

L26 

.95 

L27 

.96 

2.06  6.8 

l 

activation  o nor^y  and  intercept  at 

r*  » 

0  obtained 

from  T"'4  plot 
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Figure  Captions 

1.  Surface  of  Ga0.82  Se0.i8  film  taken  by  a  scanning  electron  microscope 

a.  Globular  outgrowths  on  background  field  (x  50). 

b.  Pebbled  structure  of  background  field  (x5000) . 

2.  Room  temperature  optical  activation  energy  (Eg)  versus  composition 
for  Ga^_x  Sex  system. 

3.  Log  electrical  conductivity  (a)  versus  T_J*  for  Gai_xSex  system. 

4.  Crystalizotion  tomporaturo  voraus  compoaition  for  CA)Gftl-xSox» 

(0)Ini-xSoX* 

5.  Optical  activation  energy  at  room  temperature  (0)  and  thermal 
activation  energy  (A)  oxtrapolatcd  to  0°  K  vorsus  film  composition 

for  the  In^_xSex  system. 

6.  Log  electrical  conductivity  (o)  versus  reciprocal  of  absolute  temperature 
(T)  for  Ini„xSex  system. 

7.  Room  temperature  Secback  coefficient  vorsus  film  composition  for  Ini-xSex 
system. 

8.  Imaginary  part  of  tho  dicloctic  constant  fo)  versus  photon  energy  for 
systems  Ga|.xSex,  lni-x^ex»  Gei-xSex,  and  Sb^_xSex. 
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Electron  Energy  States  in  Sb2Se3t 
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(Itecclved  19  June  1972) 

The  transition  strenth  (hr)2 12,  computed  by  Kramors-Kronig  analysis  of  optical  reflec¬ 
tance  spectra,  is  compared  with  .x-rav  photoelectron  spectra  for  both  single- crystal  and 
amorphous  Sb?Sc3.  The  similarity  of  the  data  from  x-ray  photoelectron  spectra  for  the 
two  modifications  suggests  that  the  valence-band  structure  is  essentially  the  same, 
whereas  differences  In  the  spectral  dependence  of  suggest  that  the  conduction-band 

density  of  states  is  lower  in  the  amorphous  material,  or  that  the  matrix  elements  for  op¬ 
tical  transitions  arc  suppressed. 


As  part  of  a  study  of  the  optical  properties  of 
Sb.Se.,,  we  have  compared  the  energy  dependence 
of  the  transition  strength  (hvft.,  with  x-ray  photo- 
electron  spectra  veleclron  spectroscopy  by  chem- 
ital  analysis)  for  both  the  amorphous  and  orthor¬ 
hombic  crystalline  modifications  of  the 

same  composition.  The  single  crystals  were  pre¬ 
pared  in  a  horizontal  zone  refiner1  and  the  aino  - 
phous  films  by  vacuum  evaporation”  onto  roon.  - 
temperature  fused  quartz  for  the  optical  reflec¬ 
tance  spectra,  or  aluminum  substrates  for  the  x- 
ray  photoelectron  spectra  (XPS).  An  electrically 
conducting  substrate  of  aluminum  was  used  to 


facilitate  cleaning  by  sputtering.  The  films  were 
verified  to  be  amorphous  by  x-ray  diffraction. 

Values  for  the  function  (hvY(.it  where  liv  is  the 
photon  energy,  were  calculated  by  Kramers- 
Kronig  analysis’  of  reflectivity  data  from  0  lo  24 
cV’  and  are  plotted  in  Fig.  '.  The  most  striking 
difference  between  the  amorphous  and  single  - 
crystal  curves  is  that  the  peak  observed  at  *  3  eV 
for  both  polarizations  of  the  electric  light  vector 
for  the  single  crystal  appears  to  be  strongly  de¬ 
pressed  for  the  amorphous  material.  This  peak 
and  the  next  major  one  at  ~  9  eV  also  are  less 
well  resolved  for  the  amorphous  solid. 
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hW  («*V) 

FIG.  1.  Energy  dependence  of  the  optical  transition 
strength  for  amorphous  Sb2Se3  and  for  two  orientations 
of  single-crystal  Sb2Se3  with  the  electric  vector  £l!a 
and  E||c. 

The  XPS  dat.;  were  taken  on  freshly  sputtered 
single-crystal  and  amorphous  specimens.  Argon 
sputtering  removed  surface-impurity  photoelec¬ 
tron  peaks,  but  did  not  appear  to  change  the  over¬ 
all  shape  of  the  spectra  of  either  the  amorphous 
or  single-crystal  specimens. 

In  Fig.  2  the  x-iay  photoelectron  energy  distri¬ 
bution  curves  are  plotted  in  the  range  0  to  45  eV, 
with  the  zero  of  energy  at  the  Fermi  level.  The 
curves  for  the  single-crystal  and  amorphous 
specimens  are  in  general  remarkably  similar. 

A  triplet  structure  appears  in  the  XPS  data  for 
the  crystalline  samples  at  about  14  eV.  This 
structure  was  not  resolved  as  a  triplet  in  the 
amorphous  data.  The  spectrometer  resolution 
for  this  measurement  was  ~  1  eV  (full  width  at 
half-maximum).  The  strong  triplet  peak  at  -  24 
eV  which  appears  for  both  the  amorphous  and 
crystalline  samples  in  the  XPS  data  and,  there¬ 
fore,  in  the  valence-band  density  of  states,  we 
associate  with  the  rising  {hv)2e2  beyond  20  eV. 

The  doublet  at  ~  33  eV  we  associate  with  the  Sb 
levels.  The  ratio  of  intensities  should 
be  2:3,  and  prob  ibly  is,  since  the  weaker  line  is 
riding  on  the  shoulder  of  the  stronger. 

As  expected,  good  correspondence  was  obtained 
between  the  structure  for  amorphous  and  single¬ 
crystal  material  at  higher  energies,  such  as  the 
Se  3f/,  ,  2  doublet  at  -53  eV  and  the  Sb  3d3/25/2 

doublet  at  537  and  528  eV  shown  in  Fig.  3.  The 
oxygen  1 level  lies  in  the  range  of  the  latter 


-SINGLE  CRYSTAL 
AMORPHOUS 


Sb  4d. 


3/2,  5/2 


V.' 


\  /V. 


■W 


45 


35 


25  15  5  0  ' 

BINDING  ENERGY  (eV) 

FIG.  2.  X-ray  photoelectron  spectra  between  0  and 
45  eV  binding  energy  for  a  single  crystal  and  an  amor¬ 
phous  sample  of  Sb2Se3.  The  ordinate  scale  applies 
only  to  the  single-crystal  counting  rate.  The  counting 
rate  for  the  amorphous  sample  has  been  scaled  and  dis¬ 
placed  in  order  to  facilitate  comparison. 


doublet  and  a  small  amount  of  oxygen  remaining 
on  the  surface  of  the  amorphous  sample  after 
sputtering  could  be  detected  by  the  weak  shoulder 
at  532  eV. 

Since  (M2e2,  the  transition  strength,  is  repre¬ 
sentative  of  the  joint  density  of  electronic  states 
for  optical  transitions  (assuming  constant  matrix 
elements),  and  since  XPS  data  portray  the  struc¬ 
ture  of  the  occupied  bands,5  in  particular,  the 
valence  band,  we  conclude  that  the  peak  at  ~9  eV 
in  the  (Uv)  c2  data  arises  from  the  conduction 
band  because  of  the  absence  of  any  corresponding 
structure  in  the  XPS  data.  This  peak  is  unlikely 
to  arise  from  nonconstant  matrix  elements  since 
it  appears  with  equal  strength  in  the  optical  data 
for  both  crystalline  orientations  and  amorphous 
material,  and  thus  is  insensitive  to  lack  of  long- 
range  order. 

The  major  effect  of  the  crystalline-to-amor- 
phous  transition  appears  to  be  a  general  decrease 
of  (/;i')2€2  at  the  lower  energy  range  coupled  with 
a  smearing  of  most  structure.  Since  the  XPS 
measurements  show  no  large  changes  in  the 
structure  of  the  valence  band  between  the  crystal¬ 
line  and  amorphous  material  (fine  structure  of 
width  <  1  eV  would  not  be  resolved),  we  conclude 
that  the  lower  observed  values  of  {hv)2t2  arise 
either  from  a  lower  conduction-band  density  of 
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f'Ka.  3.  X-ray  photoelectron  spectra  for  two  designated  energy  regions  for  a  single  crystal  and  an  amorphous 
sample  of  Sb2Se3.  As  In  Fig.  2,  the  ordinate  scale  applies  only  to  the  single-crystal  data,  and  the  data  for  the 
amorphous  sample  have  been  scaled  and  displaced  to  facilitate  comparison. 


states  or  from  a  suppression  of  matrix  elements 
in  the  amorphous  material. 
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Abstract 

The  photoemission  energy  distribution  curves  (EDO's)  of  crystalline 
and  amorphous  Sb^e^  were  measured  in  the  photon  energy  range  hv  =  7  to  35  eV 
using  polarized  radiation  from  a  synchrotron  storage  ring.  The  polarization 
dependence  of  the  EDO's  is  much  stronger  than  that  of  the  reflectance  spectra. 

The  EDO's  show  several  regions  of  high  density  of  states  in  both  the  valence 
and  conduction  bands,  with  the  structure  strongly  smeared-out  in  amorphous 
Sb2Se-j.  The  region  of  the  upper  2  eV  of  the  valence  band  with  six  electrons 
per  Sb2Se3  molecule  attributed  primarily  to  the  selenium  lone  p-pairs,  is 
clearly  separated  from  the  remaining  part  of  the  EDO's  in  crystalline  Sb2Se3. 

The  optical  transitions  in  crystalline  Sb2Se3  occur  with  matrix  elements  strongly 
dependent  on  the  orientation  of  the  electrical  vector  of  the  polarized  ra¬ 
diation  as  a  result  of  crystal  field  effects.  Model  densities  of  states  are 
constructed  for  both  crystalline  and  amorphous  Sb2Se2. 


77 


INTRODUCTION 

Sb2Sej  belongs  to  V-VI  compound  semiconductors,  a  group  of  materials 
whose  optical  and  transport  properties  have  been  widely  investigated. 
However,  there  is  available  little  data  on  band  structure  of  these 
compounds  due  to  the  complicated  primitive  cell  (comprised  of  112  valence 

«• 

electrons  in  the  case  of  Sb2Se3) ,  and  the  density  of  states  models  are 
generally  derived  from  the  molecular  orbital  approach,  with  the  bonding  and 
weakly-bonding  bands  usually  adjusted  to  fit  the  reflectance  spectra  (1). 

The  typical  features  of  the  reflectance  spectra  of  these  compounds 

# 

in  both  crystalline  and  amorphous  form  are  two  reflectivity  bands,  the 
first  occurring  in  the  near  IR  and  visible  region,  and  the  second  in  the 
vacuum  UV  region  of  the  spectrum  (2) ,  (3) ,  (4) ,  with  onset  at  'v  7  eV  in 
the  case  of  Sb2Se3.  These  two  reflectivity  bands  are  usually  interpreted 
(1).  (4),  as  originating  from  splitting  of  the  valence  band  into  strongly 
bonding  and  weakly  bonding  states.  Kastner  (5)  has  recently  pointed  out 
the  important  role  of  the  lone  (unshared)  p-electrons  of  chalcogen  atoms 
in  forming  the  weakly  bonding  band  in  these  compounds.  More  detailed 
knowledge  of  the  valence  band  structure,  particularly  its  upper  part 
formed  by  the  lone-pairs,  should  be  useful  in  explaining  many  physical 
*  properties  of  these  materials.  However,  the  above  reflectivity-based 

model  is  of  rather  conjectural  character,  since  the  reflectivity  (and 
associated  optical  constants)  provide  information  on  the  joint  density 
of  states  (..’DOS)  only,  without  determining  absolutely  either  the  initial 
or  the  final  energy  of  states  involved.  In  addition,  it  is  generally 
difficult  to  determine  which  structure  in  the  optical  data  is  due  to 
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the  band  density  of  states  a’.d  which  is  due  to  enhancement  by  the 
critical  points  in  JDOS  or  by  matrix  elements,  although  the  critical 
points  contribution  is  generally  unimportant  in  amorphous  materials  as 
a  result  of  lack  of  the  long  range  order.  This  question  of  matrix 
elements  if  further  complicated  by  low  symmetry  of  these  crystals,  since 
some  transitior  ;  could  be  either  allowed  or  prohibited  by  the  symnetry 
of  the  initial  and  final  states.  Such  effects  should  show  up  when 
polarized  light  is  used  where  the  matrix  elements  would  depend,  in  general, 
both  on  the  wave  vector  and  on  the  orientation  of  the  electrical  vector 
So- 

We  have  employed  photoemission  spectroscopy,  which  is  capable  of 
locating  the  absolute  position  of  structures  in  either  valence  or 
conduction  band,  to  substantially  refine  the  existing  density  of  states 
model  and  to  obtain  information  of  the  character  of  the  matrix  elements. 

Due  to  the  high  resolution  (0.2  eV) ,  we  have  been  able  to  determine 
several  fundamental  features  in  the  upper  (i.e.,  weakly  bonding)  valence 
band  as  well  as  a  conduction  band  structure,  unresolved  previously 
in  the  x-ra/  photoemission  studies  (6) ,  Application  of  polarized 
radiation  from  the  synchrotron  storage  ring  also  reveals  a  strong  effect 
of  the  crystal  field  which  shows  up  as  a  strong  dependence  of  the  energy 
distribution  curves  (EDC's)  on  the  orientation  of 
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EXPERIMENTAL 


!)  Photoemission  Apparatus  and  Light  Source 

The  240  MeV  storage  ring  of  synchrotron  radiation  at  the  Physical 
Science  Laboratory  of  the  University  of  Wisconsin  was  used  as  a  continum 
light  source.  The  beam  was  focussed  at  the  entrance  slit  of  a  monochromator 
optically  equivalent  to  the  McPherson  225  model.  Upon  reflection  and 
dispersion  at  the  grating,  the  beam  is  focussed  at  the  exit  slit  of  the 
monochromator  and  then  diverges  again  (f  -  10.4).  Therefore,  and 
elliptical  mirror  was  used  to  refocus  the  light  beam  to  a  spot  of 
approximately  1  mm  in  diameter  which  illuminated  the  sample.  Even 
though  the  beam  is  naturally  polarized  in  the  median  plane  of  the  storage 
ring,  some  depolarization  occurs  after  reflections  at  focussing  mirrors 
and  the  grating.  1 he  polarization  of  the  light  illuminating  the  sample 
was  estimated  to  be  ^  80%. 

A  double-pass  cylindrical  electrostatic  mirror  with  a  spiraltron 
electron  multiplier  was  used  as  an  electron  energy  analyzer.  This 
analyzer  which  is  described  in  detail  elsewhere  (7)  detects  only  electrons 
of  i,  certain  velocity  and  which  originate  from  a  small  volume  (of  linear 
dimensions  'v  1  mm)  surrounding  a  focal  point;  the  focal  point  was 
positioned  at  the  center  of  the  light  spot.  By  moving  the  sample  with 
respect  to  the  focal  point  of  the  analyzer  it  was  possible  to  select  the 
best  . urface  area  of  the  sample,  the  criterion  being  that  the  ratio  of 
the  high  energy  end  of  EDC's  to  the  low  energy  pe'k  due  to  scattering 
be  maximized.  For  good  crystal  cleavages  and  uniform  films  this  was  only  of  a 
secondary  importance.  The  sampling  of  the  velocity  of  electrons  was 
done  by  sweeping  a  retarding  or  accelerating  voltage  between  two  concentric 
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hemispheres  located  in  the  region  between  the  electron  source  and  the 
analyzer  entrance.  Analyzer  resolution  was  then  independent  of  the 
electron  energy.  In  the  present  work  the  analyzer  was  set  to  pass  20  eV 
electrons  and  the  resolution  was  0.2  eV  for  all  electron  energies.  This 
pass  energy  gave  the  most  favorable  condition  for  high  transmittance  of 
the  analyzer  while  retaining  good  resolution.  Digital  processing  of  the 
signal  at  the  output  of  the  channeltron  eliminated  the  vibrational, 
electrical  and  Johnson  noise;  the  dark  count  was  less  than  1  cps .  The 
primary  source  of  noise  was  the  statistical  error  which  was  1%  of  full 
scale  or  better.  This  resulted  in  the  necessity  of  a  longer  counting 
time  for  hv  >  20  eV  where  the  light  intensity  began  to  decrease. 

2)  Sample  Preparation 

Orthorhombic  single  crystals  of  Sb2Se;$  (space  group  D^,  a  =  11.62 
b  =  11.77  c  =  3.96  A)  were  grown  from  t.he  melt  in  a  horizontal  zone- 
refiner  by  the  method  described  in  (8)  from  6-9 's  purity  elements.  Samples 
^9  mm  x  9  mm  x  3  mm  were  cut  from  ingots  of  ^  1/2"  diameter  and  10"  long. 

The  base  pressure  in  the  photoemission  chamber  was  8  x  10“10  vorr  and 
did  not  change  substantially  during  the  cleaving.  Excellent  mirror-like 
cleaved  surfaces  ]_b  were  obtained  which  enabled  the  sample  to  be  illuminated 
En| | a  or  En | | c,  respectively.  (E^  is  the  electric  vector  of  polarized 
light).  The  sample  was  positioned  in  such  a  manner  that  the  incident 
light  was  always  s-polarized,  i.e.,  ^  was  parallel  only  with  one  of  the 
three  orthorhombic  axes  at  a  time. 

Amorphous  Sb2Se3  films  of  thickness  'v  200  to  500  A  were  prepared  in 
situ  by  evaporation  of  Sb2Se3  from  an  electron-beam  gun  at  very  small 

O 

rates  ('v  1  A/sec)  onto  nickel  and  quartz  substrates  with  Pt  contacts. 

This  method  of  evaporation  had  been  developed  earlier  (9)  to  produce 
amorphous  stoichiometric  Sb2Se3  films  within  the  1%  error  in  composition 
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as  determined  by  electron  microprobe.  After  the  photoeinission  measurements, 
the  films  were  checked  by  x-ray  diffraction  and  were  found  to  be  amorphous. 
The  pressure  btjfurt*  the  evAfpor-stidi.  w.&s  5  x  10  torr  rising  to  4  x  10 
torr  during  the  evaporation  and  decreasing  back  to  8  x  10"^  torr 
immediately  after  the  electron  beam  gun  was  turned  off. 

THEORY 

Since  there  are  several  detailed  treatments  of  the  theory  of  the 
photoemission  process  (10),  (11),  (12),  only  conclusions  pertinent 
to  our  results  v/ill  be  mentioned  here.  In  addition  some  features  of 
photoemission  when  polarized  radiation  is  used  will  be  discussed 
qualitatively. 

The  transition  rate  for  the  optical  excitation  is  proportional  to 
the  square  of  the  electric  dipole  matrix  elements  M^£(hv,kE0)  =  <4^  |H'  | ij>f> 
where  H'  is  the  light  perturbation  Hamiltonian,  k_  is  the  crystal  momentum, 
and  E0  is  the  electrical  vector  of  polarized  light.  The  form  of  the  k_ 
dependence  of  Mif  depends  on  the  character  of  the  wave  functions  4*1 
and  ipf  in  the  initial  and  final  states.  If  these  are  properly  described 
by  Bloch  functions,  and  k_  dependence  of  includes  the  term  6(kj.-kf) 
(direct  transition),  and  the  excitation  is  described  in  terms  of  M^f  and 
the  JDOS .  If  Bloch  functions  do  not  properly  describe  either  the  initial 
or  final  states,  the  ki  =  kf  condition  for  nonzero  Mif  is  relaxed.  The 
optical  transitions  are  then  termed  as  nondirect,  and  their  rate  can  be 
expressed  in  terms  of  M^£  and  band  densities  of  initial  and  final  states. 

The  dependence  of  M^£  on  arises  from  the  A.g_  term  in  H',  A 
being  the  vector  potential  of  the  exciting  radiation.  The  Ep  dependence 
can  be  very  important 


82 

in  an  anisotropic  solid  such  as  Sb2Sej.  This  dependence  of  M^£ 
from  the  symmetry  of  the  initial  and  final  states  rather  than  from  the 
detailed  character  of  *f  and  *f,  reflecting  the  effect  of  crystal  symmetry 
and  field  and  can  occur  both  for  direct  and  nondirect  transitions. 

Treatment  of  this  problem  in  the  case  of  wirtzite  CdS  can  be  found  in  (13). 

In  addition  to  the  dependence  on  Kf|2,  the  photoemission  EDC's 
depend  also  on  the  scattering  factor  S(hv,  kf,  E)  (10),  which  describes 
the  transport  and  escape  of  electrons  excited  to  final  energy  E.  The  if 
dependence  of  S  gives  rise  to  angular  dependence  of  the  photoemitted 
electrons.  Several  experiments  have  been  performed  to  investigate  this 
angular  dependence  of  phovoemission  in  the  case  of  Cu  (14) ,  Ag  (IS)  , 
and  Au  (16).  In  the  case  of  free-electron-like  metals  this  angular 
dependence  of  photoemitted  electrons  has  been  treated  theoretically  by 

Mahan  (1?)  from  first  PrinciPles< 

Since  kf  depends  on  the  orientation  of  Eq  through  the  A.p  term  and 
some  relation  between  kf  and  kf,  it  is  appropriate  to  incorporate  the 
Ef,  dependence  also  into  the  scattering  function  S  (hv,  E,  k{,  E^ .  The 
EDC's  then  include\wofold  dependence  on  the  orientation  of  E*,: 

(i)  through  the  probability  of  the  optical  excitation  proportional  to 
(Mif)2  (at  any  hv  the  transition  can  be  allowed  for  one  polarization  and 

forbidden  for  the  other  as  a  result  of  symmetry); 

(ii)  through  the  transport  and  escape  function  S,  where  the  angular 
distribution  of  emitted  electrons  depends  upon  Ep  through  the  kj  dependence 
on  Eo  as  a  result  of  the  term  A.£.  This  dependence  would  generally  be 
much  weaker  in  the  case  of  nondirect  transitions  for  which  kf  t  kf. 

While  effect  (ii)  is  not  generally  considered  when  EEC's  are  measured 
using  the  retarding  field  analyzer  (which  yields  an  "averaged"  angular 


distribution)  it  should  be  considered  in  the  case  of  directional  analyzers 
such  as  the  double-pass  electrostatic  mirror  used  in  this  work.  It  is  then 
desirable  to  separate  the  part  due  to  and  to  the  S  dependence  on  Eq  in  the 
family  of  EDC's  with  different  hv  at  constant  polarization  and  constant 
angle  of  collection.  Since  there  is  no  theory  similar  to  that  of  Mahan  (17), 
which  would  treat  this  problem  in  the  case  of  complex  semiconductors  like 
Sb2Se3,  we  used,  as  a  first  approximation,  the  following  criteria  for  the 
separation  of  the  M^£  and  S  dependence. 

(i)  The  M^£  dependence  on  (E^)  can  strongly  modulate  the  intensity  of 
peaks  in  the  EDC's  as  hv  is  varied  at  constant  polarization,  since  even  a 
small  change  in  hv  cr.n  result  in  transitions  between  initial  and  final 
states  of  different  symmetry,  which  could  change  from  allowed  to  forbidden 
or  vice-versa.  Peaks  in  the  EDC's  may  then  suddenly  appear  and  disappear 
when  hv  is  changed  by  a  small  amount,  i.e.,  the  peaks  may  behave  similar  to 
those  in  the  case  of  direct  transitions. 

(ii)  Since  the  angular  dependence  of  S  is  rather  smooth  and  it  is  a 
continuous  function  of  kf  as  contrasted  to  the  "0  to  1"  type  behavior  of  Mif  (Cp) » 
and  since  the  overall  momentum  distribution  k£  of  all  excited  electrons  would 
also  change  with  hv  more  gradually  than  the  "0  to  1"  changes  in  M^£,  one  may 
expect  rather  weak  and  gradual  modulation  of  structure  in  the  EDC's  due  to  the 
S(kf,  hv,  E,  EQ)  term  as  hv  is  varied  at  given  polarization.  This  S(kf,  hv,  E,  Eq) 
term  would  be  expected  to  have  a  very  small  effect  in  the  case  of  nondirect 
transitions . 


EXPERIMENTAL  RESULTS 


The  experimental  data  (EDC's)  are  presented  at  figs.  1-6  for  crystalline 
Sb2Sc3  for  two  orientations  of  the  electrical  vector  of  the  polarized  light 
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t,l|c,  Ejla,  and  for  amorphous  Sb2Se3.  It  is  seen  that  the  EDC's  exhibit  the 
sharpest  and  richest  structure  in  the  photon  energy  range  between  7  oV  and 
IS  eV.  At  higher  photon  energies,  the  structure  (peaks,  shoulders,  valleys) 
is  getting  progressively  less  sharp  as  a  result  of  the  increasing  contri¬ 
bution  of  scattered  electrons  which  build  a  structureless  background  at  the 
lower  energy  part  of  EDC's  and  decrease  the  signal  at  the  high  energy  end. 

Starting  at  hv  "■  20  eV  an  additional  overall  decrease  of  the  signal  occurs 
as  a  result  of  decreasing  efficiency  of  the  normal  incidence  grating  mono¬ 
chromator.  Therefore,  primarily  the  7  to  20  eV  region  of  hv  will  be  used  for 
further  analysis.  The  EDC's  for  hv  >  20  eV  look  similar  to  those  for  20  eV 
but  the  signal  was  considerable  weaker.  The  main  purpose  of  taking  the  EDC's 
for  hv  >  20  eV  was  to  obtain  information  on  possible  contribution 
j-levels  (the  4d  level  of  Sb) .  Our  results  show  no  core  d-bands  in  the  7 
to  30  eV  region  which  indicates  that  the  optical  properties  of  Sb2Se3  in  reference 

4  arc  due  to  the  s  and  p  valence  electrons  only. 

Since  there  is  present  a  large  amount  of  structure  in  our  data  as  a 
result  of  strong  polarization  dependence,  a  large  span  of  photon  energy,  and  a 

complex  band  structure,  it  is  advantageous  to  identify  briefly 

„  .  Pi0<-  i_6  Analysis  of  the  EDC's  shows  that  most  of 

prominent  structure,  in  Figs.  i-o.  analysis 

the  structure  can  be  related  to  the  constant  energy  of  either  initial  or 

final  states.  Therefore,  two  sets  of  EDC's  will  be  presented:  one  with  EDC’s 

arranged  with  respect  to  the  initial  energy,  suitable  for  determining  the 
valence  band  structure,  and  the  other  set  arranged  with  respect  to  the  final 
states  energy,  suitable  for  determining  the  conduction  band  structure. 

The  structure  of  constant  initial  state  energy  (figs.  1.  3,  and  5) 
includes  a  weak  shoulder  S  on  the  sharp  leading  edge,  and  two  sharp  peaks  A  and  B 
in  crystalline  Sb2Se3  (or  one  broad  peak  AB  in  amorphous  Sb2Se3)  at  the  high 


energy  end  of  EDC's  for  hv  in  the  8  eV  to  20  eV  range;  these  structures 
are  separated  from  the  rest  of  the  EDC's  by  a  valley  V  located  2  eV  below 
the  high  energy  end  of  the  EDC's.  Additional  peaks  C  and  D  are  located  at 
%  o.6  eV  and  1.3  eV  below  the  valley  V  for  crystalline  Sb2Se3.  The 
structure  with  the  constant  final  state  energy  (figs.  2,  4,  and  6)  is 
observable  at  the  low  energy  end  of  the  EDC's.  It  includes  five  shoulders 
and  peaks  P0  to  P4  in  crystalline  Sb2Se3,  and  two  structures  P  and  P1  in 
amorphous  Sb2Se3<  For  further  presentation  and  analysis  of  the  EDC's 
we  will  also  use  the  standard  method  of  structure  plots  where  the  final 
energy  E  of  each  element  of  the  structure  is  plotted  vs.  the  photon  energy 
hv  (figs.  7-9),  with  the  energies  referred  to  the  valence  band  maximum  (VBM) . 

The  high  (and  energy  independent)  resolution  of  the  analyzer  used  provides 
rather  sharp  leading  edges  of  the  EDC's  which  can  be  easily  extrapolated 
to  define  the  top  of  the  valence  band.  The  very  weak  tail  at  the  high 
energy  end  of  the  EDC's  is  due  to  both  intrinsic  broadening  (as  a  result  of 
the  electrical  field  penetration)  as  well  as  to  the  instrumental  broadening 
(nonuniform  work  function  of  the  analyzer,  finite  bandwidth  of  the  exciting  radiat 
finite  resolution  of  the  analyzer). 

CRYSTALLINE  Sb2Se3 
Ep|  |c 

In  the  region  between  the  threshold  energy  and  hv  =  8  eV,  a  peak 
in  the  EDC's  occurs  close  to  the  top  of  the  valence  band  (fig.  1,  also 
line  a'  in  fig.  7).  This  structure  is  attributed  to  direct  transitions 
since  it  does  not  correspond  to  '"he  slope  of  the  E  =  hv  line  in  the 
structure  plot  (fig.  7)  and  ends  at  hv  =  8  eV.  At  hv  =  8  eV  a  sharp 
peak  A  occurs  in  the  EDC.  Figs.  1  and  7  show  that  this  peak  keeps  a 
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constant  energy  of  initial  states  in  the  entire  photon  energy  range  up 
to  20  eV,  but  the  intensity  of  this  peak  is  strongly  varying  with  hv; 
in  the  9.5  to  11.5  eV  this  peak  almost  disappears.  Another  structure 
of  constant  energy  of  the  initial  states,  is  peak  B,  starting  at  hv  'v  8.6  eV 
as  a  weak  shoulder.  The  intensity  of  this  peak  is  again  strongly  varying 
with  photon  energy.  The  high  resolution  of  this  experiment  shows  this 
peak  B  as  a  doublet  'v  0.3  eV  wide  in  the  hv  'v  9  eV  to  13  eV  region. 

A  weak  shoulder  S  on  the  leading  edge  of  most  of  the  EDC's  can  be  also 
observed.  Peaks  A  and  B  are  separated  from  the  remaining  part  of  EDC's 

by  a  valley  V  at  2  eV  below  VBM.  This  valley  V  is  one  of  the  most 

prominent  features  of  EDC's  for  crystalline  Sb^Se^.  Since  the  two  peaks 
A  and  B  occur  in  extremely  large  photon  energy  range  O  20  eV)  with 
constant  and  well  defined  initial  energy,  we  conclude  that  they  correspond 
to  high  density  of  states  regions  in  the  valence  band  arising  from  flat  E 
vs  k  parts  of  the  band.  In  the  hv  =  8  to  15  eV  region  the  intensity  of 

these  two  peaks  is  strongly  varying  with  hv  due  to  the  effect  of  matrix  ele¬ 

ments.  In  the  case  of  optically  isotropic  materials,  this  feature  would 
be  a  clear  indication  of  direct,  i.e.,  k_  conserving  optical  transitions. 

In  the  case  of  ,juch  a  strongly  anisotropic  material  as  Sb2Se2  it  is  possible, 
however,  that  this  matrix  elements  modulation  could  be  due  to  the  E^ 
rather  than  the  k  dependence  of  matrix  elements.  Therefore  the  only 
definite  indication  that  the  transitions  are  direct  is  that  the  slope  * 

differs  from  45°  in  the  structure  plot  for  peak  A  in  the  small  photon 
energy  range  between  the  threshold  and  8  eV.  ’ 

Starting  at  hv  'v  10  eV,  fig.  1  shows  two  other  peaks  C  and  D  of 
strongly  varying  intensity  in  the  region  0.4  eV  to  1.3  eV  below  the  valley 
V.  A  slope  differing  from  the  E  =  hv  slope  in  the  corresponding  structure 
plot  (fig.  7),  indicates  that  these  peaks  are  associated  with  direct 
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optical  transitions.  There  is  a  suggestion  of  another  deeper  lying 
structure  in  the  valence  band  (labeled  F),  obscured  by  the  background 
of  inelastically  scattered  electrons  and  by  the  overlapping  conduction 
band  structure.  This  background  is  also  partially  obscuring  an  onset  of 
another  region  of  high  density  of  states  starting  at  about  6  eV  below 
VBM  (point  G  in  fig.  1)  for  EDC's  at  hv  >  15.5  eV.  We  suggest  that  the 
sharp  change  of  the  slope  at  point  G  corresponds  to  an  increase  of  the 
valence  band  densities  of  state.',  yet  superimposed  on  a  background  of 
conduction  band  structure  and  scattered  electrons  since ?  (i)  point  G 
corresponds  to  a  constant  enorgy  of  initial  states,  and  is  therefore 
a  property  of  the  valence  band;  (ii)  the  inelastically  scattered  electrons 
would  form  a  smooth  background,  dependent  on  the  final  rather  than  on 
initial  energies.  In  amorphous  Sb  Se  ,  (fig.  5)  this  deeper  new  band 

^  J 

is  much  better  resolved  in  the  EDC's  due  to  much  weaker  conduction  band 
structure  (fig.  5).  This  assignment  of  point  G  to  the  onset  of  a  deeper 
valence  band  is  further  confirmed  by  the  x-ray  photoemission  spectra  (6) 
which  portrays  the  structure  of  the  occupied  states. 

The  conduction  band  structure  can  be  conveniently  determined  from 
the  EDC's  arranged  with  respect  to  the  final  energies  of  photoelectrons 
(fig.  2).  Fi  re  regions  of  higher  density  of  states  (labeled  Pq  to  P4) 
superimposed  on  a  background  of  inelastically  scattered  electrons  can  be 
determined  from  fig.  2  between  6  and  10  eV  above  VBM.  In  general,  such 
conduction  band  density-of-state-maxima  can  be  filled  either  directly 
by  optical  excitation,  or  by  photoexcited  electrons  which  are  inelastically 
scattered  down  £rom  higher  energies  (19).  Since  the  intensity  and  shape  of 
these  five  peaks  or  shoulders  is  strongly  dependent  on  the  photon  energy, 
these  structures  in  EDC's  obviously  correspond  to  the  optically  excited 
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electrons  rather  than  to  the  filling  of  these  states  by  scattered 
electrons.  This  is  best  shown  by  observing  the  crossings  of  the 
lines  representing  the  peaks  A,  B,  C,  and  D  with  lines  representing 
P0  to  P4  in  the  structure  plot  (fig.  7).  At  several  photon  energies, 
corresponding  to  these  crossings,  strong  interband  optical  transitions, 
enhanced  by  high  density  of  states  in  both  band,  occur  and  show  up  in  the 
EDC's  as  strong  peaks,  modulated  further  by  the  matrix  elements  M(hv,  ]<,  E^) . 
For  Eq |  jc,  such  strong  peaks  in  the  EDC's  occur  for  example  at  hv  =  8  eV 
(transition  from  A  to  Pj)  and  hv  ■  10  eV  (from  B  to  P^).  A  complete  list 
of  such  transitions  is  in  table  1. 

The  lower  part  of  the  conduction  band  is  not  accessible  due  to  the 
photoelectric  treshold  of  'v  5.C  eV,  as  determined  from  the  spectral 
distribution  of  the  yield  Y  using  a  linear  (Y  hv)3//2  vs  hv  extrapolation  (20). 


The  EDC's  for  |  | a  (figs.  3  and  4)  bear  resemblance  to  EDC's  for  E^Hc. 
The  high  energy  side  of  the  EDC's  shows  four  peaks  A,  B,  C,  D  of  constant 
and  rather  well  defined  initial  state  energy  (fig.  3,  8).  A  shoulder  S 
can  be  observed  on  the  leading  edge  of  EDC's.  These  four  peaks  are  attributed 
again  to  the  valence  band  density-of-states  maxima  originating  from  flat  E 
vs  k  portions  of  the  band.  In  the  EDC's  these  maxima  are  then  strongly 
modulated  by  the  matrix  elements  M(hv,  k,  Eq)  .  For  example,  the  very  sharp 
peak  A  at  10  eV  is  changing  into  a  very  weak  shoulder  in  the  11.5  eV  to 
15  eV  region  (21).  Peaks  A  and  B  are  again  clearly  separated  from  the 
rest  of  EDC's  by  the  valley  V  located  2  eV  below  VBM  which  is  also  one  of 
the  most  prominent  features  of  the  EDC's  for  E^J  |a.  A  weak  structure  F 
and  an  onset  of  a  deeper  valence  band  at  G  are  also  observed  at  Fig.  3. 
Contrary  to  the  E^J  jc  polarization,  peaks  C  and  D  keep  a  constant  initial 
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state  energy  in  this  polarization  for  the  entire  photon  energy  range 
where  they  are  present  (see  also  fig.  8).  Five  regions  Pq  to 
of  high  density  of  states  in  the  conduction  band  are  observed  in  the 
low  energy  side  of  EDC's  (fig.  4)  superimposed  on  a  smooth  background 
of  scattered  electrons.  These  conduction  band  densities  are  again 
coupled  in  optical  transitions  from  the  states  in  the  upper  valence 
band  (Table  1). 

Comparing  the  EDC's  for  Ej|a  with  Ej  |c  shows  the  dependence  of 
the  relative  intensity  of  these  peaks  on  the  orientation  of  Bjq  (see 
fig.  10).  This  ndicates  that  the  matrix  elements  include  dependence  on 
both  k  and  E ,  the  latter  dependence  arising  as  a  result  of  the  crystal 
field  effect.  Due  to  the  differential  character  of  the  photoemission 
method,  this  E^  dependence  is  much  more  pronounced  in  the  EDC's  than  in 
the  reflectance  data  (fig.  11).  The  EDC's  are  strongly  polarization 
dependent  in  the  photon  energy  range  from  8  to  ^15  eV  where  the  reflectance 
shows  very  little  polarization  dependence.  While,  for  example,  the 
reflectivity  and  the  optical  transition  strength  w2e2  (i.e.,  JDOS) 
exhibit  the  same  two  peaks  at  'v  10  eV  and  12.5  eV  for  both  polarizations 
(fig.  11)  the  EDJDOS  (the  energy  distribution  of  JDOS)  is  quite  different 
for  these  two  polarizations  (fig.  10).  The  reflectivity  peak  at  *  10  eV 
has  strong  contribution  from  peak  A  in  EDC's  for  Ep | | a  and  from  peak  B 

for  E  lie.  The  reflectivity  peak  at  -v  12.5  eV  has  a  large  contribution 

— o 

from  peaks  B  and  C  in  EDC's  for  Ep I  I  a ,  and  approximately  equal  contributions 
from  A  and  B  for  Ej jc.  It  is  primarily  the  upper  3  eV  of  the  valence  band 
which  produces  a  strong  polarization  and  photon  energy  dependence  of  the  ' 
EDJDOS  which  is  not  detectable  in  the  reflectance  data. 


AMORPHOUS  Sb2Se3 


The  total  photoemission  yield  of  amorphous  Sb2Se3  films  was  lower 
than  that  of  crystalline  Sb2Se3,  and  the  low  energy  part  of  the  EDO's 
was  partially  obscured  by  the  background  of  photoelectrons  emitted  from 
the  analyzer  (22).  A  correction  for  this  effect  at  several  photon 
energies  is  shown  in  figs.  5  and  6  (dashed  line).  ’hese  corrected 
EDO's  still  include,  however,  the  secondary  (scattered  electrons  originating 
in  the  conduction  baud  of  Sb2Se3  films. 

The  structure  of  the  EDO's  for  amorphous  Sb2Se3  is  much  less 
complicated  than  for  crystalline,  yet  the  main  features  are  similar. 

There  is  again  a  shoulder  S  and  a  peak  AB  at  the  high  energy  end  separated 
from  the  rest  of  the  EDO's  by  the  valley  V.  However,  the  two  very  sharp 
peaks  A  and  B  in  crystalline  Sb2Se3  are  new  replaced  by  the  broad  peak 
AB,  and  the  peaks  C  and  D  at  the  low  energy  side  of  V  are  completely 
missing.  Both  peak  AB  and  valley  V  indicate  again  a  constant  initial 
state  energy  which  is  primarily  attributable  to  the  valence  band  structure. 
Of  particular  interest  are  the  changes  of  the  shape  of  the  EDO's  at 
hv  =  8  eV  and  9  eV,  where  some  sharpening  of  the  peak  AB  occurs.  The 
occurrence  of  such  sharp  peaks  is  rather  unusual  for  an  amorphous 
material,  and  in  this  case  it  is  plausible  to  explain  such  peaks  in  the 
EDO's  by  a  high  density  of  states  in  the  conduction  band.  Figures  6  and 


9  indeed  show 


two  weak  regions  of  high  density  of  states,  P  and  P*  in  the  conduction  band 
at  *  7  and  8  eV  above  the  top  of  the  valence  band.  Their  energy  position 
corresponds  to  regions  ?2  and  P3  of  high  density  of  states  in  the 
crystalline  Sb2Se3,  but  their  intensity  is  much  weaker.  The  weakness  of 
the  conduction  band  structure  in  amorphous  Sb2Se3  is  a  property  of  the 
amorphous  films,  rather  than  an  instrumental  resolution  effect,  since  the 
lower  part  of  the  valence  band  (point  G)  is  resolved  more  sharply  in 
amorphous  than  crystalline  Sb2Se3  despite  the  lower  yield  of  films. 

Similar  smoothing  of  the  high  density  of  the  conduction  band  states  in 
the  amorphous  phase  of  Se  and  Te  have  been  reported  by  Laude  and  Fitton  (23). 
Results  (18)  indicate  that  the  difference  between  EDO's  -for  crystalline 
and  amorphous  Sb2Se3  is  not  due  to  collecting  electrons  under  specific 
solid  angle  which  would  average  out  the  structure  in  amorphous  Sb2Se3. 

Since  the  only  two  appreciable  changes  of  the  shape  of  the  peak 
AB  in  the  EDO's  at  hv  *  8  and  9  eV  can  be  explained  by  the  higher 
conduction  band  density  of  states,  the  otherwise  constant  shape  and 
relative  intensity  of  the  peak  AB  suggest  that  it  is  due  to  nondirect 
transitions.  It  is  inte  -sting  to  note  that  within  the  resolution 
(0.2  eV)  of  the  experiment,  both  crystalline  and  amorphous  Sb2Se3  exhibit 
very  sharp  high  energy  ends  of  the  EDO's,  particularly  there  is  no 
direct  evidence  of  the  density  of  states  tailing  in  amorphous  stochiometnc 
Sb9Se,  in  agreement  with  previous  findings  from  the  optical  and 
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photoconductivity  data  (24) . 

DISCUSSION 

One  important  feature  of  the  EDO's  is  the  strong  structure  in  their 
upper  2  eV  region.  In  the  case  of  crystalline  Sb2Se3>  this  region  is 
strongly  polarization  dependent  and  split  into  peaks  A  and  B,  and 
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is  clearly  separated  from  the  rest  of  EDC's  by  the  valley  V.  The  peaks  A 
and  B  are  rather  narrow,  their  full  width  at  half-maximum  above  the  valley  V 
being  0.4  eV.  Such  narrow  bands  would  be  consistent  with  rather  low  hole 
mobility  'v  40  cm2/V  sec  (25)  in  crystalline  Sb^e^.  We  associate  these  two 
peaks  A  and  B  with  two  regions  of  valence  band  dcnsity-of ‘-states  maxima, 
arising  from  flat  E  vs.  k  bands.  In  agreement  with  this  interpretation,  the 
energy  position  of  these  two  peaks  from  the  VBM  is  the  same  for  both  polarizations. 
In  the  EDC's  these  valence  band  density-of-states  maxima  are  modulated  by 
the  matrix  elements  M(hv,  k,  E^)  and  to  some  extent  by  the  escape  function  S 
and  also  by  the  conduction  band  density  of  states  for  8  eV  <  hv  <  15  eV. 

In  view  of  the  atomic  states  configuration  of  Sb  and  Se,  these  flat  bands 
are  attributed  primarily  to  p-elcctrons  which  would  be  rather  localized 
at  atoms.  Peaks  A  and  B  in  the  EDC's  of  crystalline  Sb^e^  merge  into  one 
broad  peak  AB  in  amorphous  Sb^e^.  This  peak  AB  does  not  allow  for  a  very 
flat  E  vs  k  band,  and  its  behavior  suggests  that  it  is  due  to  nondirect 
transitions  with  constant  matrix  elements,  modulated  by  the  conduction  band 
density  of  states  at  hv  'v  8  and  9  eV. 

The  other  portion  of  the  valence  band  being  strongly  affected  by  the 
phase  transition  is  located  between  2.0  and  3.3  eV  below  the  VBM  in 
crystalline  Sb2Se2  (peaks  C  and  D  in  the  EDC's).  Optical  transitions  from 
these  states  are  again  strongly  dependent  on  the  orientation  of  E .  Behavior 
of  these  peaks  in  the  structure  plot  (fig.  7)  for  E  | |c  again  indicate  that 
the  corresponding  optical  transitions  are  direct  in  crystalline  Sb2Se_7.  In 
tlie  EDC's  for  amorphous  Sb^e^  these  two  peaks  C  and  D  are  completely 
missing. 

Even  though  the  effect  of  polarized  light  on  the  EDC's  in  the  case 
of  optically  anisotropic  materials  has  been  reported  earlier  (13),  (16),  (26), 
the  effects  observed  here  are  far  stronger.  It  is  also  interesting  to  note 

that  the  polarization  dependence  is  strongest  for  electrons  excited  from  flat 


bands  at  the  upper  ^  3  eV  part  of  the  valence  band.  In  view  of  the 
discussion  in  the  theoretical  section,  it  is  believed  that  this  strong 
polarization  dependence  of  the  EDC's  is  due  primarily  to  the  Mif  term 
with  the  S  term  giving  possibly  a  weak  background  dependence  such  as 
observed  in  the  EDC's  at  hv  >  16  eV.  Even  though  a  rigorous  proof 
of  this  statement  requires  a  detailed  knowledge  of  the  band  structure, 
there  are  some  experimental  facts  in  its  support:  (i)  the  reflectance 
spectra  in  the  visible  range  shows  clearly  strong  (En)  dependence 
for  states  within  the  upper  'v  3  to  4  eV  of  the  valence  band,  and  (ii) 
the  main  features  of  the  EDC's  are  independent  of  the  type  of  analyzer 
used  (18) .  This  observed  Ep  dependence  of  M^£  shows  the  effect  of 
crystal  field  and  symmetry.  The  strong  polarization  dependence  of  EDC's 
makes  it  difficult  to  determine  whether  the  transitions  are  direct,  since 
the  strong  dependence  of  M^£  obscures  any  possible  k^  dependence. 

There  are  indications  of  direct  transitions  such  as  the  slope  in  the 
structure  plots  but  only  in  a  limited  range  of  hv  (e.g.  peaks  C  and  D 
for  E0||c  in  fig.  7).  The  question  of  direct  transition  is  further 
complicated  by  the  flatness  of  the  bands  corresponding  to  the  initial 
states . 

An  additional  increase  of  the  density  of  states  for  both  crystalline 
and  amorphous  Sb2Sej  starts  at  'v  6  eV  deep  in  the  valence  band  (point  G) 
which  is  seen  as  a  sharp  change  of  the  slope  of  the  EDC's  in  figs.  1,  3 
and  5  at  hv  >  17.5  eV.  It  is  reasonable  to  assume  that  this  lower 
portion  of  the  valence  band  contributes  significantly  to  the  reflectivity 
rise  at  v  *v  7  eV  even  though  the  onset  of  these  transitions  cannot 
be  seen  in  the  EDC's  due  to  the  work  function  limitation. 

The  conduction  band  shows  five  closely  spaced  regions  of  higher  density 
of  states  between  6.5  and  9.5  eV  above  VBM  (Pq  to  P4)  for  both  polarizations 

in  crystalline  SbjSej,  and  two  weak  structures  P  and  P'  at  about  7  eV  and  8  eV 
for  amorphous  Sh^Se^.  The  energy  position  of  these  conduction  band  densiti'- 


and  their  coupling  in  optical  transitions  to  various  regions  of  the  valence 
band  are  presented  in  table  1.  The  existence  of  these  conduction  band 


density  of  states  in  Sb2Se.j  has  further  been  confirmed  by  comparing  the 
optical  transition  strength  to2e2  with  che  x-ray  photoemission  spectromscopy  (6). 
One  interesting  feature  of  the  conduction  ba.  d  structure  is  that  it  shows 
up  much  weaker  for  amorphous  than  for  crystalline  Sb2Sej.  This  can  be  explained 
by  the  lack  of  matrix  element  enhancement,  or  by  a  strong  effect  of  the  long 
range  disorder  on  the  higher  conduction  band.  In  particular,  the  effect  of 
the  long  range  disorder  on  the  smoothing  of  the  conduction  band  structure 
is  much  stronger  than  on  the  sharpness  of  the  valence  band  edge. 

At  higher  photon  energies  (hv  >  16  eV) ,  the  high  energy  end  of  the  EDC's 
changes  very  little  with  hv,  and  similarly  to  other  works  (27,28) .portrays 
the  basic  feature  of  the  valence  band  density  of  states  (DOS).  The  derived 
model  DOS  for  crystalline  and  amorphous  Sb^e^  are  presented  in  fig.  12. 

The  relative  intensity  of  individual  peak  in  this  model  cannot  be  determined 
accurately  due  to  several  unknown  factors  like  and  S.  Since  the  scattering 
length  necessary  to  subtract  the  low  energy  peak  due  to  inelastically  scattered 
electrons  is  not  available,  the  model  densities  in  fig.  12  are  "normalized" 
with  respect  to  the  optical  sum  rules  from  reference  (4);  also  some  cross 
features  of  the  XPS  spectra  (6)  are  used  in  this  model.  It  is  interesting 
to  note  that  due  to  improved  resolution,  the  EDC's  reveal  more  detailed 
structure  (e.g.,  the  valley  V)in  the  densities  of  states  for  crystalline 
and  amorphous  Sb2Se^  than  the  XPS  data  (6) . 

Since  the  valley  V,  separating  the  upper  2  e/  of  the  valence  band,  is 
one  of  the  most  prominent  features  of  EDC's  for  both  polarizations,  some 

i ' 

physical  interpretation  of  this  structure  is  appropriate.  This  can  be  done 
by  application  of  the  optical  sum  rules,  which  determines  that  there  are  six 
electrons  per  molecule  located  between  the  VBM  and  the  valley  V,  participating 
in  the  optical  transitions  from  hv  =  1.2  eV  (the  bandgap  of  Sb  Se  )  to  hv  =  3.2  cV. 
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Curtain  caution  has  to  bo  exercised  when  using  the  optical  sum  rules,  since 
it  provides  the  "effective  number"  as  determined  from  the  total  oscillator 
strength.  This  effective  number  can  differ  from  the  true  number  of  valence 
electrons,  particularly  when  the  upper  limit  hv  lies  within  the  region  of 
optical  transitions.  This  has  been  observed  in  the  case  of  Ge  and  VI-V 
compounds  due  to  the  core  d- levels  contribution  to  the  total  oscillator 
strength  (29).  In  Sb2Se  ,  however,  the  highest  occupied  levels  are  the  Sb 
4d  states  at  *  33  eV  below  the  VBM,  (6)  and  the  optical  sum  rules  up  to  hv  =  25  eV 
do  not  exhibit  any  contribution  due  to  these  d-bands  (4) .  Therefore ,  within 
the  numerical  accuracy  of  the  optical  sum  rules  (30),  we  consider  ne£f  as 
a  reasonable  and  useful  first  order  approximation. 

Since  there  has  been  done  no  band  structure  calculation  for  Sb^e^  or 
similar  orthorhombic  V-VI  compounds  (primarily  due  to  its  very  complicated 
primitive  cell  containing  112  valence  electrons),  the  only  theoretical  model 
for  the  electronic  structure  of  Sb^e^  at  present  is  the  conjecture  resulting 
from  the  molecular  orbital  approach  (5),  (31).  Our  results  can  then  be 
interpreted  in  the  following  way.  The  upper  part  (first  6  eV)  of  the  valence 
band  is  attributed  to  weakly-bonding  states  which  have  strong  p-like  character 
as  evidenced  by  several  flat  bands.  According  to  the  sum  rule  calculation  (4) 
it  includes  a  total  of  12  electrons  per  Sb2Sej  molecule  with  six  electrons 
per  molecule  being  located  within  the  upper  2  eV  region  between  the  VBM 
and  the  valley  V.  These  six  electrons  per  molecule  can  be  attributed 
primarily  to  the  three  lone  (unshared)  p-pairs  of  selenium  electrons  (32)  whose 
existence  in  this  class  of  compounds  has  been  suggested  by  Kastner(5). 

At  this  point  it  should  be  mentioned  that  such  separation  of  the  group  of  *  6 
electrons/molecule  by  the  valley  V  in  the  EDC's  derived  DOS  was  found  also 
for  other  V-VI  crystals  B^Tej  and  Sb2Tej  of  rhombohedral  D3m  structures  (33), 
and  seems  to  be  a  general  feature  of  the  V-VI  compounds  indicating  the  presence 
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of  the  lone  p-pairs.  Also  we  would  like  to  note  the  striking  similarity 
of  the  DOS  model  of  Sb2Se3  to  those  of  Shevchick  et  al.  for  Se  (28) 
particularly  the  separation  of  the  lone-pair  band.  This  suggests  the 
important  role  of  the  lone  pairs  on  chalcogen  atoms  in  forming  the 
weakly  bonding  band  of  VB2VIB3  compounds.  The  lone  p-pai*  oand  in 
orthorhombic  Sb2Se,  is  further  split  by  the  crystal  field  (peaks  A,B) 
resulting  from  the  low  symmetry;  this  splitting  is  not  observed  in  trigonal 
Se.  Whereas  the  entire  nonbonding  band  of  VB2VIB3  compounds  has  been 
previously  referred  to  as  the  "lone-pair  band"  (5),  the  combination  of 
the  photoemission  and  XPS  data,  together  with  the  sum  rules,  shows  that 
in  addition  to  the  three  lone-pairs,  this  nonbonding  band  contains 
approximately  another  six  electrons  per  molecule,  clearly  separated 
from  the  lone-pair  by  the  valley  V.  Similarly  to  the  the  lone  p-pairs 
those  deeper  states  have  again  a  strong  contribution  from  flat  E  vs  k 
band  (peaks  C  and  D)  indicatingstrong  p  character  with  large  contribution 
probably  from  the  Sb  5  p-states. 

The  lower  part  of  the  valence  band  (bonding)  starting  at  about  6  eV 
below  VBM  arises  from  the  bonding  states  and  corresponds  to  the  o 
orbitals  of  the  molecular  states.  According  to  the  sum  rule  (4)  this 
band,  including  16  electrons  per  molecule,  can  extend  up  to  25  eV 
belfw  the  VBM.  This  band  should  include  the  remaining  p-states  of  Se 
and  Sb,  5s  states  of  Sb  and  possible  the  deep  4s  states  of  Se.  Due 
primarily  to  the  difference  in  the  strength  of  the  conduction  band 
structure,  the  onset  of  this  bonding  band  is  resolved  better  in  the 
EDC's  for  amorphous  than  for  crystalline  Sb2Se3.  In  the  x-ray  photoemission 
spectrum,  which  is  sensitive  primarily  to  the  valence  band  structure,  the 
onset  of  this  band  is  resolved  equally  well  for  both  amorphous  and 
crystalline  Sb2Se3  (6).  The  4d  states  of  Sb,  according  to  present  results 
as  well  as  to  (4)  and  (6),  do  not  contribute  to  this  band. 
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The  lowest  part  of  the  induction  band  would  correspond  to  o* 
antibonding  molecular  states.  The  EDO's  show  several  additional  regions 
of  well  localised  higher  densities  of  states  in  the  conduction  band  in 
the  region  6  to  10  eV  above  the  VBM  superimposed  on  a  more  or  less  smooth 
conduction  band.  The  small  width  of  these  states  and  their  strong  optical 
coupling  to  the  p-type  states  at  the  upper  (weakly  bonding)  valence 
band  suggests  d-like  character  of  these  higher  conduction  states  PQ  to  P4. 
The  intensity  and  sharpness  of  these  states  is  much  lower  in  the  amorphous 

phase. 

It  v.ould  be  very  interesting  to  correlate  the  electronic  states  to 
the  different  type  of  bonds,  particularly  in  regard  to  different  bond 
strengths  in  the  case  of  this  pseudo-two  dimensional  crystal  consisting 
of  Sb,Se6  units  (54).  The  x-ray  diffraction  data  of  Tideswell  et  al.  (34) 

,  I  1 


shows  that  the  bond  character  is  very  complex  since  the  bond  distances 


occur  anywhere  between  the  sum  of  covalent  radii  (v  2.6  A)  and  a.  3.8  A 

n  _ 


(the  sum  of  the  van  der  haals  radii  for  Sb  and  Se  is  4.20  X) .  The  6 
electrons  in  the  upper  2  eV  (primarily  lone-pairs)  of  the  weakly  bonding 
band  can  be  considered  to  play  some  role  i-  forming  the  six  weakest 
bonds  per  molecule  (bond  distances  3.74  8  and  3.46  8),  holding  the  crystal 
and  only  a  small  amount  of  the  electronic  charge  participates  in  forming 
the  bonds,  as  the  bond  number  is  v  0.01.  The  crystal  field  and  symmetry 
determine  the  direction  of  these  bonds  and  their  energy  levels  (rather 
flat  E  vs  k  bands  giving  rise  to  peaks  A  and  B)  so  that  the  total 
crystal  energy  is  minimised.  Another  six  weak  bonds  per  Sb2Se3  mc’ecule 
(bond  distances  3.26  8  and  3.27  X.  bond  number  *  0.1)  responsible  for 
bonding  infinitely  long  Sb-3c  chains  into  crystal  layers  c,.n  be  ass 
at  least  in  part,  with  another  six  weakly  bonding  electrons  located 
between  the  valley  V  and  the  point  G.  The  direction  of  these  bonds  and 
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corresponding  electronic  energy  levels  are  again  determined  by  the  crystal 

field  which  shows  up  in  the  EDO's  via  the  strong  E^  dependence  of  matrix 

elements.  The  o  (bonding)  states  are  involved  in  forming  the  strong  Sb-Se 

o 

bonds  of  distances  2.57  to  2.98  A  (bond  number  *  1.0)  within  infinitely 
long  chains,  parallel  with  the  c-axis  (34). 

In  amorphous  Sb2Se3  these  weakly  bonding  states  are  determined  by 
the  local  potential  instead  of  the  crystal  field.  The  weak  bonds, 
responsible  formerly  for  holding  together  or  forming  the  crystal  layers, 
are  now  randomly  oriented  in  space,  and  their  energy  A  eve.’  s ,  determined 
locally,  lose  their  resonant  character  and  the  bands  consequently  become 
wider.  This  is  clearly  reflected  in  the  EDO's  for  .orphous  Sb2Se3 
where  the  sharp  peaks  A  and  B  are  replaced  by  one  broad  peak  AB,  and 
peaks  C  and  D  are  completely  missing.  The  separation  of  the  lone-pairs 
by  the  valley  V  from  the  rest  of  the  weakly  bonding  band  is  also  very 
weak  in  amorphous  Sb2Se3. 

The  effect  of  the  crystal  field  and  the  similarity  between  the  major 
features  of  the  DOS  of  crystalline  and  amorphous  Sb2Se3  arc  consistent 
with  the  model  of  both  phases  displaying  properties  characteristic  of 
molecular  solids;  the  crystal  containing  Sb4Se6  units  bonded  rather  weakly 
to  one  another  (34)  and  amorphous  films  being  a  random  aggregate  of  Sb4Se6 
molecules  (35) . 

CONCLUSION 

The  EDO's  present  a  considerable  extension  of  the  DOS  model  derived 
from  tne  general  molecular  orbital  approach.  It  is  shown  that  the  upper 
■v  3  eV  region  of  the  weakly  bonding  band  has  a  strong  p-type  character 
with  flat  bands,  whose  states  are  strongly  affected  by  the  crystal  field 
as  evidenced  by  a  strong  polarization  dependence  of  matrix  elements.  This 
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region  of  the  valence  band  is  \  'o  very  strongly  affected  by  the 
transition  to  the  amorphous  phase,  where  the  local  potential  results 
in  smearing  of  the  fine  details  of  the  valence  band  DOS.  The  similarity 
between  the  lone  pair  bands  in  the  DOS  of  Sb2Sej  and  Se  (28)  suggests 
the  role  of  the  chalcogen  lone  p-pairs  in  forming  the  weakly  bonding 
band  of  Sb^e^  and  other  VI^VIB^  compounds. 
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CAPTIONS 

Figure  1.  Energy  distribution  curves  (EDC's)  for  Eq//c,  with  respect 

to  the  initial  states. 

Figure  2.  EDC's  for  h^/fc,  with  respect  to  the  final  states. 

Figure  3.  EDC's  for  Eg//a,  with  respect  to  the  initial  states. 

Figure  4.  EDC's  for  ^//a,  with  respect  to  the  final  states. 

Figure  5.  EDC's  for  amorphous  Sb2Se3,  with  respect  to  the  initial  states. 

Figure  6.  EDC's  for  amorphous  Sb^e*,  with  respect  to  the  final  states. 

Figure  7.  Structure  plot  for  E^/c. 

Figure  8.  Structure  plot  for  ^//a. 

Figure  S.  Structure  plot  for  amorphous  Sb2Se3. 

Figure  10.  Polarization  dependence  of  the  EDC's. 

Figure  11.  Reflectance  spectrum  of  Sb2Se3  (after  Reference  4). 


Figure  12.  Model  density  of  states  for  Sb2Se3» 
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Abstract 

The  photoemission  enert  distribution  curves  (EDC  s)  o£ 
crystalline  and  amorphous  Sb2Se3  were  measured  in  the  photon 
energy  range  hv  «  7  to  20  eV  using  polarized  radiation  from  a 
synchrotron  storage  ring.  The  EDC's  show  that  the  six  electrons 
per  Sb2Se5  molecule,  attributed  primarily  to  the  selenium  p-pairs, 
urc  clearly  separated  from  the  remaining  part  of  the  valence  Dand 
of  crystalline  Sb2Se3.  The  optic-l  transitions  from  these  states 
occur  with  matrix  elements  strongly  dependent  on  the  orientation 
of  the  electrical  vector  of  the  polarized  radiation  as  a  result  of 
crystal  field  effects.  Model  densities  of  states  are  constructed 
for  both  crystalline  and  amorphous  Sb2Se3. 


Resume 


Les  courbes  de  distribution  des  photoelectrons  emits  par 
Sb2Se3  cristalline  et  amorphe  ont  eto  mesures  dans  l'intervalle 
de  hv  ■  7  eV  a  hv  ■  20  eV.  Les  mesures  ont  ete  effectes  pour 
la  radiation  polarisee  emit  par  un  synchrotron.  Les  courbes 
obtenu  indique  que  six  electrons  de  la  molecule  de  Sb2Se3,  sont 
bien  separees  de  la  balance  des  electrons  de  la  bande  de  valence 
do  Sb2Se3  cristalline.  Les  transitions  optiques  de  ces  otats  sont 
caractoriscs  par  des  probabilities  do  transitions  fortement  de¬ 
pendant  sur  de  1' orientation  du  vector  du  champ  electrique.  Ce 
phcnomenc  depend  des  effects  du  champ  cristalline.  Les  densites 
dcs  ctats  ont  etc  construits  pour  l'etat  crystalline  et  l'etat 
amorphe  de  Sb2Se3.  , 
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Orthorhombic  Sb2Se3  (space  group  D^)  belongs  to  the  group  V-VI 

2h 

compound  semiconductors,  a  class  of  materials  whose  optical  and  trans¬ 
port  properties  have  been  widely  investigated.  However,  little  data 
is  available  on  band  structure  of  those  compounds,  primarily  because 
of  their  complicated  primitive  cells  (comprising  112  valence  electrons 
in  the  case  of  Sb2Se3) .  Densities  of  states  are  generally  derived  from 
a  molecular  orbital  approach,  with  the  bonding  and  weakly-bonding  bands 
adjusted  to  fit  the  reflectance  spectra  (1).  This  method  is  necessarily 
conjectural  since  the  ceflectance  data  does  not  allow  the  determination 
of  the  absolute  energy  levels  of  the  states  involved. 

We  have  employed  photoemission  spectroscopy  to  determine  absolute 
energies  and  some  fundamental  features  of  the-  structure  of  the  upper 
valence  band  and  conduction  band  of  amorphous  and  crystalline  Sb2Se3  and 
so  determine  the  influence  of  disorder  on  the  electronic  structure.  The 
measurements  were  made  in  the  photon  energy  range  7  to  20  eV  using  the 
University  of  Wisconsin  240  MeV  synchrotron  storage  ring.  The  radiation 
incident  onto  the  sample  was  naturally  polarized  v80%  with  the  electrical 
vector  E0  in  the  median  plane  of  the  storage  ring.  A  double-pass  cylindri¬ 
cal  electrostatic  mirror  (2)  with  a  spiraltron  was  used  as  an  electron 
energy  analyzer,  having  a  constant  resolution  of  0.2  eV. 

Single  crystals  of  Sb2Se3  were  grown  in  a  zone  refiner  (3) ,  and  were 

cleaved  in  situ  in  a  vacuum  of  -vlO-10  torr.  The  natural  cleavage  plane  (010) 

produced  excellent  mirror- like  surfaces  which  allowed  the  measurement  of  the 

piiotocmission  energy  distribution  curves  (EDC's)  for  E0||a  and  E0||c.  Amor- 

° 

pnous  Sb2Sc3  t i 1ms  of  thickness  200  to  500A  were  evaporated  in  situ  from  an 
electron-beam  gun  by  a  method  developed  earlier  (4).  X-ray  diffraction 
measurements  after  the  photocmission  experiment  confirmed  that  the  films 
were  amorphous. 


1 


i 
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The  complete  experimental  details  and  results  are  beyond  the  scope 
of  this  letter  and  will  be  published  separately.  Here  several  typical 
energy  distribution  curves  (EDC's)  of  Sb2Se3  are  presented  and  their 
relation  to  the  electron  energy  states  is  discussed.  Fig.  1  shows  EDC's 
at  several  photon  energies  for  crystalline  Sb2Se3  with  E0J|a,  and  the 
structure  plot  of  the  major  features  is  presented  in  fig.  2  for  the  entire 
photon  energy  range.  The  main  features  of  the  EDC's  for  crystalline  Sb2Se3 
are  four  peaks  A,  B,  C,  and  D  of  constant  and  rather  well-defined  initial 
stato  energy  (fig.  1  and  2).  We  associate  peaks  A  and  11  with  regions  of 
high  density  of  states  arising  from  narrow  bands  or  from  flat  E  vs.  k 
portions  of  the  valence  band.  The  intensities  of  the  four  peaks  strongly 
vary  with  photon  energy  which  suggest,  that  they  correspond  to  direct  (i.e. , 
k  conserving)  optical  transitions  (5).  A  valley  V,  located  2  eV  below  the 
valence  band  maximum  is  one  of  the  most  prominent  features  of  the  EDC's  for 
botli  orientations  of  EQ  (figs.  1,  2  and  4).  A  weakly  resolved  onset  of  a 
deeper- lying  valence  band  at  ^6  eV  below  the  valence  band  maximum,  superim¬ 
posed  on  the  background  of  scattered  electrons  and  on  the  conduction  band 
structure,  is  observed  as  an  inflection  (point  G)  in  the  EDC's  for  hv  >  16  eV. 
»he  existence  of  this  band,  which  shows  up  also  in  the  reflectance  spectrum 
(6),  has  been  confirmed  by  x-ray  photoemission  spectra  (7). 

ihe  lower  energy  ranges  of  the  EDC's  show  four  peaks  P^  to  P^  of  inten¬ 
sity  and  shape  strongly  varying  with  hv.  Since  these  peaks  are  present  over 
the  entire  photon  energy  region  with  constant  final  state  energy  (fig.  2)  we 
associate  them  with  the  regions  of  high  densities  of  states  in  the  conduction 
band  (fig.  3).  In  general,  such  conduction  band  density-of-state-maxima  can 
bo  filled  either  directly  by  optical  excitation,  or  by  photoexcited  electrons 
which  are  inelastically  scattered  down  from  high  energies  (8).  In  our  case, 
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those  conduction  band  density-of-states  maxima  are  coupled  in  optical 
transitions  with  the  regions  of  high  density  of  states  in  the  upper  part 
of  the  valence  band,  thus  giving  rise  to  very  sharp  peaks  in  the  EDO's 
Ce.g..  the  overlapping  peaks  D  and  P3  for  S0|  |a  at  hv  -  10  eV  in  figs.  1 
and  2).  Due  to  several  largely  unknown  factors,  e.g. ,  the  effect 
matrix  elements  and  electron-electron  scattering  length,  no  conclusions 
can  be  drawn  from  the  relative  intensity  of  the  peaks. 

The  strong  dependence  of  the  relative  intensity  of  the  peaks  A,  B, 

C.  and  D  on  the  orientation  of  E0  (fig-  4)  is  attributed  to  tho  effect 
of  the  crystal  field.  (This  dependence  of  the  energy  distribution  ol 
joint  density  of  states  of  %  is  not  observable  in  the  reflectance  or  the 
„2c2  spectrum.  (6),  (7)).  The  matrix  elements  for  the  optical  transitions 
now  include  I0  in  addition  to  k  and  hu.  This  polarisation  dependence  of 
tne  EDC's  is  much  stronger  than  that  reported  on  other  materials  (9). 

According  to  the  optical  sum  rules  (6)  the  upper  2  eV  part  of  the 
valence  band  contains  approximately  6  electrons  per  Sb,Se3  molecule  which 
participate  in  optical  transitions  from  hv  *  1.2  eV  (the  band  gap  of  Sb2Se3) 
up  to  3.2  eV.  We  attribute  these  six  electrons  to  the  three  lone  (unshared) 
p-pairs  of  So  electrons,  predicted  by  Kastner  (10).  Furthermore,  these 
weakly  bonding  electrons  can  be  associated  with  the  six  weakest  bonds  per 
Sb2Se3  molecule  between  the  crystal  layers  (bond  number  -0.01)  (11).  The 
crystal  symmetry  and  field  determine  the  direction  of  these  bonds  and  their 
energy  levels  by  minimizing  the  total  crystal  energy  and  show  up  in 
hDC's  through  the  very  strong  polarization  dependence  of  matrix  elements 
for  optical  excitation  from  these  states.  Thus,  the  valley  V  separates  the 
6  electrons,  attributed  to  lone  p-pairs,  from  the  rest  of  the  weakly-bonding 
band  located  between  V  and  point  G.  These  latter  states,  which  include 


129 

another  6  valence  electrons  per  Sb2Se3  molecule  (6)  have  again  a  con¬ 
siderable  contribution  from  flat  E  vs.  k  portions  of  the  band  (peaks 
C  and  D  in  figs.  1  and  2).  These  states  can  be  attributed  to  the  six 
resonant  bonds  of  intermediate  strength  (bond  number  ~0 . 1)  (11),  form¬ 
ing  the  crystal  layers  from  infinitely  long  Sb-Se  chains.  The  deeper 
valence  band  starting  at  *6  eV  below  the  valence  band  maximum  (point  G 
in  the  EDO's)  is  attributed  to  o-bonding  orbitals,  arising  from  the 
strongest  Sb-Se  bonds  within  the  chains  (bond  number  M..0)  (11).  The 
strong  coupling  of  the  upper  p-typo  part  of  the  weakly  bonding  band 
with  the  high  densities  of  states  in  the  upper  conduction  band  suggest 

the  d-character  of  the  latter  states. 

In  amorphous  Sb2Se3  (fig.  4)  peaks  A,  B,  C  and  D  disappear,  and  a 
broad  peak,  located  at  *1.2  eV  below  the  valence  band  maximum  is  observed. 

In  addition,  two  very  weak  conduction  band  structures  appear,  P  and  P', 
located  at  *7  and  8  eV  above  the  valence  band  maximum.  The  broad  peak 
is  of  rather  constant  intensity  md  shape  with  respect  to  hv  suggesting 
that  the  optical  transitions  are  non-direct,  i.e.,  k  conservation  is  not 
an  important  selection  rule.  As  with  Se  and  Te  (12)  the  long-range  dis¬ 
order  has  the  effect  of  smearing  the  upper  conduction  band  structure  rather 
than  affecting  the  sharpness  of  the  leading  edge  of  EDC's.  ho  band  tailing 
is  observed  within  the  experimental  resolution,  in  agreement  with  previous 
optical  and  photoconductivity  data  (13).  The  weaker  overall  structure  of 
the  conduction  band  allows  for  much  better  resolution  of  the  onset  of  the 
bonding  band  (point  G)  in  amorphous  than  in  crystalline  Sb2Se3.  Or  parti¬ 
cular  interest  is  the  behavior  of  the  Se  lone  p-pairs  located  at  the  top  of 
the  valence  band.  The  separation  of  the  upper  part  of  the  valence  band  by 
the  valley  V  in  amorphous  Sb2Se3  is  much  weaker  yet  still  noticable.  The 


130 

very  weak  bonds,  responsible  formerly  for  holding  the  crystal  layers 
together,  are  now  randomly  oriented  in  space,  and  their  energy  levels 
are  determined  locally  by  the  random  potential  fluctuations,  which 
result  in  a  lack  of  the  resonance  character  of  these  bonds  (14). 

In  conclusion,  vacuum  UV  photoemission  spectroscopy  provides  a 
model  for  the  density  of  states  of  Sb2Se3,  which  presents  a  considerably 
more  detailed  picture  than  the  model  derived  from  the  reflectance  (6) 
or  x-ray  photoemission  (7).  Of  particular  interest  is  the  behavior  of 
tho  six  oloctrons  in  the  top  2  oV  of  the  valonco  band,  attributed  to  tho 
Sc  lone  p-pairs.  These  states  arc  very  strongly  affected  by  the  crystal 
field,  as  demonstrated  by  their  behavior  in  the  transition  to  the  amor¬ 
phous  phase  as  well  as  by  the  very  strong  polarization  dependence  of  the 
EDO's  in  crystalline  Sb2Se3. 

Wo  wish  to  thank  the  staff  of  the  University  of  Wisconsin  Physical 
Science  laboratory  for  their  experimental  assistance,  R.  Mueller  for  per 
forming  the  x-ray  diffraction,  D.  Davis  for  drawing  the  figures,  B.  Van 
Pelt  for  growing  the  Sb2Se3  crystals,  and  Professors  W.E.  Spicer,  F.M. 
Mueller  and  J.C.  Shaffer  for  valuable  discussions  and  comments  on  this 
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Captions  to  Figures 


Fig.  1.  EDC's  for  E0||a  (unnormalized).  The  insert  shows  the  energy 
position  of  the  structures  Pj  to  P4  in  the  conduction  band  as 
determined  with  respect  to  the  valence  band  maximum  (VBM) . 

Fig.  2.  Structure  plot  for  E0||a.  The  final  energy  of  structures 
(measured  from  the  VBM)  in  the  EDC's  vs.  hv. 


Fig.  3.  Model  densities  of  states  for  crystalline  and  amorphous  Sb2Se3. 

Fig.  5.  Comparison  of  EDC's  (unnormalizod)  for  £0jja,  £0||c  and  for 
amorphous  Sb2Se3. 
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ABSTRACT 

High  resolution  (0.2  oV)  far  UV  photoemission  studies  (hv  =  7  eV 
to  35  eV)  were  performed  to  test  and  further  develop  the  electronic  structure 
of  amorphous  and  crystalline  Sl^Sc-j.  Tho  presonco  of  tho  woakly  bonding 
and  bonding  valence  bands  consistent  with  the  chemical  bonding  model  of 
this  material  is  confirmed,  and  further  details  of  the  weakly  bonding 
states  aro  observed.  The  six  electrons/molecule  in  the  upper  two  electron 
volts  of  the  weakly  bonding  band,  attributed  to  tho  selenium  lone  p-pairs, 
arc  clearly  separated  from  the  rest  of  tho  weakly  bonding  band.  These 
lone  p-pairs  are  very  strongly  affected  by  the  transition  from  the  amorphous 
to  crystalline  phase. 
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Germany 

Introduction 

Experimental  studies  of  the  electronic  structure  of  amorphous  and 
crystalline  Sb2Se-j  have  been  performed  using  ultraviolet  photoemission 
spectroscopy  (UPS)  in  order  to  test  and  further  develop  the  conjectured 
electronic  structure  of  this  material  which  is  based  upon  a  chemical 
bonding  model.  Particular  attention  is  given  to  the  roles  of  the  bonding 
and  nonbonding  aretes  of  tho  chalcogon  utoms.  sb2So3  is  interesting  in 
that  in  both  its  amorphous  and  crystalline  forms  it  displays  properties 
characteristic  of  molecular  solids.  The  structure  consists  of  Sb4Se^ 
units  bondod  rather  weakly  to  one  another  (Tideswcll  ct.al.,  1957). 

Hence,  the  effect  of  the  long  range  ordering  on  the  electronic  structure 
can  bo  investigated,  taking  particular  advantage  of  the  strong  anisotropy 
of  tho  pseudo-two  dimensional  (layered)  Sb2Se,3  crystals,  so  that  some 
correlation  can  be  made  between  the  bonding  and  the  electronic  structure. 

As  a  supplementary  study,  the  far  UV  reflectance  spectra  were  measured 
for  a  large  range  of  composition  of  the  amorphous  Sb-Se  systems  (Mueller 
et.al.,  1973). 

The  electronic  structure  of  solids  can  be  investigated  by  several 
techniques,  including  UPS,  XPS  and  optical  spectroscopy  (e.g.,  reflectance). 
The  use  of  UPS  with  a  synchrotron  as  a  source  of  exciting  radiation  has  the 
following  advantages  over  other  methods:  (i)  optical  transitions  can  be 
followed  over  a  large  range  (at  least  30  eV)  of  photon  energies,  (ii) 
absolute  energy  positions  of  the  maxima  in  the  density  of  states  (DOS 
can  be  determined  in  both  the  valence  band  (VB)  and  the  conduction  band  (CB) 
with  a  resolution  of  0.2  eV  or  better,  (iii)  at  higher  values  of  photon 
energies  (typically  hv  >  20  eV)  the  experimental  data  can  be  related  to  the 
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DOS  of  the  VB(Schevchik  et.al.,  1973)  (Grobman  and  Eastman,  1972). 

(iv)  the  natural  polarization  of  the  synchrotron  radiation  (with  electrical 
vector  E0  in  the  median  plane)  allows  the  study  of  the  crystal  field 
effects  on  the  matrix  elements  (Hurych  et.  al.,  1973). 

Experimental 

The  photoemission  spectrometer  used  here  differs  from  conventional 
PE  spectrometers  in  two  major  respects:  first,  the  gas  discharge  light- 
source  was  replaced  by  the  port  of  the  UWPSL  (University  of  Wisconsin 
Physical  Sciences  Laboratories)  240  MeV  Synchrotron  Storage  Ring,  and, 
second,  the  usual  retarding  field  analyzer  (Spicer  and  Berlund,  1964) 
was  replaced  by  a  double-pass  electrostatic  mirror  (G.J.  Lapeyre  et.al.,  1973) 
analyzer,  in  order  to  obtain  high  S/N  ratio  and  high  resolution  at  low 
light  lcvols. 

Amorphous  Sb2Sc3  films  of  thickness  200  to  500  K  were  ovaporated 
in  situ  using  an  electron-beam  gun  by  a  method  developed  earlier.  (Mueller 
and  Wood,  1972)  X-ray  diffraction  measurements  following  the  photoemission 
experiment  confirmed  that  the  films  were  amorphous.  The  films  were  stochio- 
metric  within  1%  accuracy  as  determined  by  electron  microprobe  analysis. 
Orthorhombic  single  crystals  of  the  Sb2Se3  were  grown  in  a  zone  refiner 
from  99.9999%  purity  elements  and  were  cleaved  in  situ  in  a  vacuum  of 
'v  10"^torr.  The  natural  cleavage  plane  (010)  produced  excellent  mirror¬ 
like  surfaces,  which  allowed  the  measurement  of  the  photoemission  energy 
distribution  curves  (EDO's)  for  polarizations  of  E0 | |a  and  is0||c. 

Results  and  Discussion 

The  photoemission  energy  distribution  curves  (EDO's)  for  amorphous 
Sb2Se2  arranged  with  respect  to  the  initial  states  are  presented  in  fig.  1. 
While  the  detailed  discussion  of  these  data  will  be  presented  elsewhere 
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(llurych  et.al..  1973).  the  main  features  of  the  EDO's  are  presented  here 
together  with  the  structure  plot  where  the  energy  of  the  final  states  is 
plotted  vs  the  photon  energy  (fig.  2).  A  broad  peak  AB  is  visible  at 
■v  1.2  eV  below  the  VBM  (fig.  1).  An  additional  onset  of  the  DOS  is 
observable  at  v  6  eV  below  the  VBM  (point  G)  in  the  EDO's  for  hv  >  16  eV. 
being  superimposed  on  the  smooth  background  of  inelastically  scattered 
electrons.  All  the  above  structure  maintains  a  constant  energy  of  initial 
states  over  a  large  range  of  hv.  (figs.  1  and  2).  and  is  therefore  associated 
with  the  features  of  the  valence  band  DOS.  Also,  two  weak  maxima  P  and  P' 
in  the  conduction  band  DOS  are  observed  in  the  low  energy  part  of  the  EDO's. 

Fig.  3  shows  that  the  basic  features  of  the  EDO's  and  the  DOS  of  amorphous 
Sb2Se3  can  be  compared  to  those  of  crystalline  Sb2Se3  in  a  rather  straight¬ 
forward  manner.  The  broad  peak  AB  in  the  amorphous  Sb2Se3  corresponds  to 
two  sharp  peaks  A  and  B  in  crystalline  Sb2Sej.  Also,  the  valley  V.  separating 
the  upper  2  eV  from  the  rest  of  the  EDO’s  is  more  sharply  visible  in  crystalline 
than  amorphous  Sb2Se3.  The  same  is  true  for  the  conduction  band,  where  four 
stronger  structures  P3  to  P4  are  observed  in  crystalline  form  compared  to 
two  rather  weak  structures  P  and  P'  in  amorphous  Sb2Se3  (Hurych  et.al..  1973). 

At  higher  photon  energies,  the  high  energy  region  of  the  EDO's  changes 
very  little  with  hv,  and  similar  to  other  works  (Schevchick  et.al.,  1973). 
(Grobman  and  Eastman,  1972),  portrays  the  basic  features  of  the  valence 

band  DOS.  The  derived  model  DOS.  using  also  some  features  of  the  XPS  data 

.  ,  4  There  is  a  striking  similarity 

(Wood  et.al.,  1972),  are  presented  in  fig.  4. 

between  the  DOS  in  fig.  A  and  that  for  selenium  (Schevchik  et.al.).  Both 
materials  exhibit  a  second  (bonding)  valence  band  starting  at  v  6  eV 
below  the  VBM  as  well  as  splitting  of  the  upper  (weakly  bonding)  band. 

Khiie  these  two  bands  are  observable  in  Se  and  Sb2Se3  in  the  UPS  as  well 
as  in  far  UV  reflectance  (Shaffer  et.al.,  1972),  the  detailed  structure 
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in  the  weak.iy  bonding  band  is  observable  in  the  UPS  dat-i  only.  Earlier 
we  have  shown  (Ilurych  et.al.,  1973)  that  the  upper  two  electron  volts  of 
the  VB  containing  'v  6  electrons  per  Sb2Se3  molecule,  can  be  associated 
with  the  lone  p-pairs  of  selenium.  Fig.  3  shows  that  the  lone  pairs  in 
crystalline  Sb2Se.j  are  characterized  by  two  sharp  peaks  A  and  B,  implying 
flat  O  0.4  eV  wide)  E  vs  k  bands.  The  strong  polarization  dependence  of 
the  intensity  of  these  two  peaks  reflects  the  effect  of  the  crystal  field 
which  determines  the  direction  and  energy  levels  of  these  states  so  that  the 
total  cnorgy  of  tho  crystal  is  minimized.  The  resonance  character  of  those 
lone  pairs  is  lost  in  amorphous  Sb2Sc3  since  the  Se  states  are  determined 
by  the  random  potential  on  local  scale. 

The  comparison  of  our  data  with  those  of  Se  (Schevchick  et.al.,  1973) 
suggests  that  the  lone  pairs  of  chalcogen  atoms  play  an  important  role  in 
t’nc  formation  of  the  upper  VB  of  V^Vlj  compounds,  both  amorphous  and 
crystalline,  and  that  the  basic  features  of  the  DOS  are  understandable  in 
torms  of  chemical  bonding. 

In  order  to  determine  what  is  the  minimum  concentration  of  Se 
necessary  to  maintain  a  separation  of  the  bonding  and  weakly  bonding 
bands  in  the  Sb1_xSex  systems,  far  UV  reflectance  studies  of  amorphous 
Sb-Se  systems  were  performed  (Mueller,  et.al.,  1973).  Kramers -Kronig 
analysis  of  this  data  is  presented  in  fig.  5  indicating  that  at  Se 
concentration  as  low  as  24%  this  separation  disappears. 

Conclusion 

The  basic  conjectures  of  the  chemical  bonding  model  of  Sb2Se-j  are 
confirmed,  and  further  information  on  the  weakly  bonding  band  is  obtained. 
The  six  electrons/molecule  in  the  upper  band,  attributed  to  the  chalcogen 
lone  p-pairs  are  clearly  separated  from  the  rest  of  this  band,  and  are 
very  strongly  affected  by  the  transition  from  amorphous  to  crystalline 
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Sb2Sej  as  is  consistent  with  the  model  of  amorphous  Sb2Se3  as  a  random 
aggregate  of  Sb^Se^  molecules. 
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Amorphous  thin  films  of  antimony  selenide  of  controlled  composition  have  been  prepared 
by  vacuum  evaporation.  Various  evaporation  techniques  are  compared  and  their  influence 
on  optical  properties  is  discussed.  The  optical  energy  gap  is  shown  to  increase  with  in¬ 
creasing  selenium  content. 


1.  Introduction 

Certain  semiconductors  can  be  made  amorphous  only  under  drastic  quench¬ 
ing  conditions,  such  as  vapor  deposition  onto  a  cold  (compared  to  the  melting 
point)  substrate.  Classic  examples  of  such  materials  are  Ge  and  Se  amongst 
the  elemental  semiconductors  and  As2Te3  and  Sb2Se3  amongst  the  compound 
semiconductors. 

A  serious  problem,  which  has  received  little  attention  in  the  literature, 
arises  with  the  latter  group,  i.e.,  one  of  controlling  stoichiometry  or  of  main¬ 
taining  a  constant  predetermined  composition  of  deposited  material.  In  most 
cases  the  vapor  above  a  solid  or  melt  source  is  not  a  single  species  and  varies 
with  the  temperature  and  environment  of  the  source  and  vapor,  e.g.,  whether 
the  vapor  is  allowed  to  be  in  equilibrium  with  the  source.  Even  if  complete 
dissociation  of  the  compound  source  occurs  on  evaporation  it  is  rare  that  the 
elements  have  a  sufficiently  close  vapor  pressure  at  the  chosen  evaporation 
temperature  to  insure  that  the  components  impinge  on  the  substrate  in  the 
desired  concentration  ratios.  We  have,  of  course,  ignored  the  problem  of 
sticking  coefficients  onto  the  specific  substrate  material.  This,  however,  is 
generally  of  secondary  consideration  only,  since  once  the  first  few  mono- 
layers  of  the  compound  cover  the  substrate,  one  is  concerned  only  with  the 
sticking  coefficient  onto  the  compound  itself. 

Compositional  variations  have  often  gone  undetected  in  amorphous  ma¬ 
terials  since  X-ray  diffraction  measurements  only  show  lack  of  structure. 

•  This  work  was  supported  by  the  Advanced  Research  Projects  Agency  of  the  Department 
of  Defense  and  was  monitored  by  the  Army  Research  Office,  Durham,  under  Contract 
No.  DA-ARO-D-3 1- 1 24-71  -G 1 32. 
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Electron  microprobe  measurements  are  rarely  employed  and  at  best  can  only 
show  variations  on  a  gross  scale  (greater  than  microns)  perpendicular  to  the 
substrate  where  the  compositional  gradient  is  likely  to  be  greatest  and, 
further,  the  analysis  is  not  accurate  to  better  than  ~l  at%.  A  saving  grace 
is  that  amorphous  materials  are  often  not  markedly  compositional  dependent 
over  deviations  of  a  few  atomic  %,  but  it  is  inexcusable  that  much  data  in  the 
literature  is  reported  on  compound  amorphous  films  with  gross  deviations 
from  stoichiometry  with  the  implication  that  the  films  are  stoichiometric  and, 
what  is  more,  no  details  are  given  on  preparation. 

2.  Preparation  of  antimony  selenide 

Let  us  consider  the  specific  case  of  antimony  selenide  in  the  light  of  the 
above  discussion.  Mass  spectrometric  measurements  by  Sullivan  at  al.1)  have 
shown  that  the  equilibrium  vapor  species  over  Sb2Se3  is  predominantly  SbSe 
and  most  other  species  present  are  Sb-rich  compared  to  stoichiometry.  How¬ 
ever,  ihUana-'ym  applies,  lu  the  eondiltjn  jf  dynamic  .^isitibfium  beiunuo 
a  melt  and  its  vapor  and  does  not  correspond  to  the  conditions  applying  in 
a  conventional  vacuum  evaporation  experiment  where  the  vapor  is  immedi¬ 
ately  removed  from  above  an  open  crucible.  Rather,  one  is  concerned  with 
the  dissociation  vapor  pressure  of  the  element  of  highest  vapor  ptessurc,  i.e., 
Se  above  a  solid  or  melt  of  antimony  selenide 2)  whose  composition  is  varying 
as  a  function  of  time.  Thus  as  the  evaporation  proceeds  the  source  is  gradually 
depleted  cfsdettiuiu  and  eonstquemiy,  the  composition  of  lf«  deposit  changes 
with  time3)  and  with  thickness. 

Our  initial  approach  to  solving  this  problem  was  to  force  a  given  deposit 
composition  by  using  a  selenium-rich  source.  As  an  example,  we  found  by 
trial  and  error  that  a  source  composition  of  ~SbSe0  9  at  a  temperature  of 
~  720  C  was  required  in  order  to  produce  a  deposit  of  Sb,Se3  as  determined 
by  microprobe  analysis.  This  method  necessitated  using  a  large  source  of 
material  compared  with  the  amount  of  deposit  required  so  that  the  composi¬ 
tion  of  the  source  did  not  significantly  alter  with  time. 

A  more  satisfactory  and  convenient  technique  from  a  control  viewpoint 
was  to  coevaporate  Sb  and  Se  from  separate  crucibles.  The  relative  rates 
were  monitored  and  controlled  by  two  Sloan  Omni  II  A  rate-controllers.  Col¬ 
limating  tubes  were  v.mployed  as  shown  in  fig.  I  to  avoid  cross-contamination 
of  the  quartz  crystal  oscillators.  By  using  electron-beam  heating  for  Sb  and 
resistance  heating  for  Se  it  was  possible  to  obtain  a  fairly  good  degree  of 
control  at  a  deposition  rate  of  35-40  A/sec.  However,  we  were  not  able  to 
reduce  the  fluctuations  of  the  rates  below  ±  2  A/sec.  The  Se  resistance- heater 
was  in  the  form  of  a  thin-walled  (5  mil)  stainless  steel  tube,  pinched-oiT  at 
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Fig.  I.  Coevaporalion  system. 


each  end.  thus  totally  enclosing  the  Se  except  for  a  small  aperture  with 
baffle  to  avoid  a  direct  vapor  path  between  substrate  and  heater.  The  electric 
current  was  passed  through  the  tube. 

Occasionally  a  vapor  surge  from  the  Se  source  would  ruin  an  evaporation 
run.  To  avoid  such  surges,  we  later  employed  electron-beam  heating  for  the 
Se  source  as  well  as  for  Sb,  This  did  reduce  large  excursions  in  rates  but 
fluctuations  were  at  least  as  bad  as  with  the  resistance  heater.  Electron  micro¬ 
probe  analysis  showed  the  composition  to  a  pproximately  correspond  to  the  set 
evaporation  rates  as  plotted  on  x-l  recorders  by  this  coevaporation  technique. 
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3.  Optica]  properties 


One  of  the  purposes  of  this  study  was  to  examine  the  optical  properties  ot 
amorphous  antimony  selenide  films,  deposited  on  fused  quartz  substrates, 
as  a  function  of  composition  and  the  optical  absorption  coeffic.ent  (a)  versus 
photon  energy  is  shown  in  fig.  2.  It  is  seen  that  the  absorption  edge  obeys  an 
approximate  <xhv  oc  ( hv-Et )2  variation  with  energy  as  observed  by  Tauc  et 
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Fig.  2.  Optical  absorption  coefficient  versus  photon  energy. 
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a'.4)  for  amorphous  Ge,  suggesting  the  optical  transitions  conserve  energy 
but  not  crystal  momentum  (fig.  3).  The  position  of  the  edge  decreases  in 
energy  as  the  Sb  content  increases;  a  variation  observed  previously  for  e  ther 
elements  in  selenium5).  Extrapolation  of  the  curve  for  amorphous  Sb2Se3 
to  a=0  gives  a  value  of  £„=  1.25  eV  which  is  slightly  larger  than  the  value 
of  1.15  eV  obtained  for  the  indirect  edge  in  single  crystal  Sb2Se38). 

The  absorption  coefficient  (a)  was  determined  from  the  observed  trans¬ 
mittance  (T„J  and  reflectance  (/^J  using  the  following  equations7-8): 


h»  TeV3 

Fig.  3.  Variation  of  absorplion  coefficient  wilh  pholon  energy. 
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a  slight  modulation  imposed  on  the  height  of  the  interference  fringes  observed 
beyond  the  absorption  edge  (see  fig.  4).  By  deliberately  increasing  the  rate 
fluctuations  (see  fig.  4)  this  modulation  was  traced  to  be  due  to  the  slight 
fluctuations  in  the  relative  evaporation  rates  of  Sb  and  Se. 

Accordingly,  it  was  decided  to  revert  to  the  single  source  evaporation 
process  and  to  attempt  stoichiometry  control  by  the  following  means. 
Evaporation  from  melt-quenched  ingot  of  Sb2Se3  was  carried  out  by  electron- 
beam  gun  heating  from  a  water-cooled  hearth  at  sufficiently  slow  rates  such 
that  evaporation  proceeded  only  from  the  surface,  the  rest  of  the  ingot  re¬ 
maining  solid.  Initially,  the  higher  vapor  pressure  element  (Se)  is  preferenti¬ 
ally  evaporated  from  the  surface.  The  process  then  becomes  rate  limited  by 
the  evaporation  rate  of  Sb  from  the  Sb-enriched  surface  and  the  rate  of 
diffusion  of  Se  to  the  surface.  A  dynamic  equilibrium  is  thus  established  such 
ihaf  the  ratt  at  which  S*;  h  removed  t»  corn  rolled  hy  the  rate  of  evaporation 
of  Sb;  forcing  the  relative  evaporation  rates  to  be  equal  to  the  elemental 
ratio  in  the  solid. 

By  micro-probe  examination  of  the  composition  of  a  sequence  of  films 
prepared  front  a  single  source  in  this  manner,  it  was  established  that  the  first 
few  films  were  selenium-rich  but,  towards  the  middle  of  the  run,  equilibrium 
was  established  with  the  films  being  close  to  stoichiometry.  At  the  latter 
stages,  when  the  electron  beam  had  penetrated  through  the  source,  the  films 
reverted  to  non-stoichiometry  again.  The  optical  reflectance  and  transmit¬ 
tance  of  a  typical  film  prepared  in  this  fashion;  fig.  4  shows  complete  regular¬ 
ity  of  height  of  the  interference  fringes.  The  optical  absorption  edge  obtained 
by  analysis  Of  the  data  (fig.  3)  shows  rvs&s unable  doinekteues  with  ob¬ 
tained  on  coevaporated  films  of  similar  composition. 

4.  Conclusions 

It  is  concluded  that  conventional  evaporation  is  unsatisfactory  as  a  method 
of  producing  amorphous  films  of  controlled  composition;  that  with  the 
current  state-of-the-art  of  rate  control,  coevaporation  is  suitable  only  for 
exploratory  work  on  composition;  and  surface  evaporation,  although  more 
laborious  for  a  phase-diagram  type  study,  does  yield  homogeneous  films  of 
desired  composition  at  equilibrium.  Furthermore,  the  optical  absorption 
edge  of  amorphous,  antimony  seienides  has  bten  shown  iu  strongly  depend  on 
composition  and.  hence,  on  the  method  of  preparation.  The  optical  energy 
gap  of  amorphous  Sb^Sej  closely  corresponds  to  the  indirect  gap  in  the 
single  crystal. 


160 


308  R.  MUELLER  AND  C.  WOOD 


Reference* 

1)  C.  Sullivim,  J.  !i.  Pruwc/yk  and  K.  D,  Carlson,  J,  Chem.  Phys.  S3  (1970)  1289, 

2)  N.  JCh.  Abrikosov,  V.  F.  Bankina,  l..  V.  Poretskaya,  L.  E. Shelimova  and  h.  V.  Skudnovn, 
Semiconducting  ll-VI,  iV-Vl  anti  V-Vi  Compounds  (Plenum  Press,  New  York,  1969) 
p.  194, 

3)  A.  EfstatHou,  D.  M.  Hoffman  and  E.  R.  Levin,  J.  Vacuum  Sci.  Technol.  6  (1969)  383. 

4)  J.  Tauc,  R.  Grigorovici  and  A.  Vancu,  Phys.  Status  Solidi  15  (1966)  627. 

5)  J.  C.  Schottmiller,  D.  L.  Bowman  and  C.  Wood,  J.  Appl.  Phys.  39  (1968)  1663. 

6)  B,  Van  Pelt  and  C.  Wood,  to  be  published. 

7)  J.  A.  Stratton,  Electromagnetic  Theory  (McGraw-Hill,  New  York,  1941). 

8)  J.  Tauc,  in:  Progress  in  Semiconductors,  Vol.  9  Eds.  Gibson  and  Burgess,  (Heywood, 
1965), 

9)  L.  R.  Gilbert,  J.  C.  Shaffer  arri  F.  M.  Mueller,  to  be  published. 


M 


161 

Short  Notes  K161 

phys.  stat.  sol.  (a)  16,  K161  (1973) 

Subject  classification:  16;  22.6 
Physics  Department,  Northern  Illinois  University,  DeKalb 

Photoconductivity  In  Crystalline  and  Amorphous  Sb  O  ^ 

2  3 

By 

B.  WOLFFING  and  Z.  HURYCH 

Photoconductivity  measurements  were  performed  on  crystals  of  cubic  and 
orthorhombic  antimony  oxide  (SbgOg).  Crystals  were  prepared  using  the  vapor 
transport  method  from  6-9's  purity  elements  as  described  in  (1).  Orthorhombic 
needles  with  growth  axis  in  the  c-direction  were  formed  in  a  fused-quartz  tube 
in  the  region  just  above  570  C.  Triangular  faceted  cubic  crystals  were  formed 
in  the  region  just  below  570  C.  In  addition,  material  in  the  form  of  an  amorphous 
film  was  deposited  on  the  walls  of  the  tube.  Silver  paste  was  used  to  provide 
electrical  contacts.  The  contacts  were  carefully  shielded  from  illumination  to 
avoid  any  photovoltaic  effects.  The  samples  were  exposed  to  monochromatic  light 
from  a  high  intensity  Baush-Lomb  monochromator  with  a  xenon  source,  chopped 
mechanically  at  a  frequency  of  37  Hz.  The  ac  photoconductivity  was  measured 
with  a  Keitnley  82  series  lock-ln  amplifier. 

Due  to  the  small  sample  size,  a  quartz  light  pipe  was  used  to  direct  the  light 
beam  to  the  sample.  To  obtain  a  normalized  photoresponse,  the  monochromator 
light  intensity  was  monitored  in  the  uv  region  using  a  sodium  salicylate  coated 
EMI  photomultiplier.  Sodium  salicylate  is  known  to  possess  constant  fluorescent 
quantum  efficiency  for  A  <  3400  &  (2,  8).  Thus  the  monochromator  output  flux 
could  be  measured  with  great  accuracy  in  the  region  of  interest.  For  the  ortho¬ 
rhombic  crystals  a  sheet  polarizer  was  used  to  polarize  the  light  parallel  to  the 
e  and  b  axes. 

!•  or  both  polarization  directions  of  orthorhombic  Sb  O  the  photoconductivity 

2  3 

onset  occurs  at  about  3.17  eV,  Using  the  Moss’  criterion  (4)  for  the  half-maximum 
pholorcsponse,  we  obtain  an  activation  energy  of  3.25  eV  for  E  II  b,  and  3,29  eV 
for  1.  II  c.  These  vaiues  are  in  excellent  agreement  with  the  indirect  energy  gap 

1)  I  his  work  was  supported  by  the  Advanced  Research  Projects  Agency  of  the 
Department  of  Defense  and  was  monitored  by  the  Army  Research  Office  under 
Contract  No.  DA-ARO-D-ri-124-72-G115. 
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Fig,  1.  Normalized  photoresponse  (solid  line), 
compared  with  the  optical  absorption  index 
(dashed  line),  from  (1); - relative  photo¬ 
response, - absorption  index. 

a)  Orthorhombic  Sb  O  ,  E  !!  b  , 

Ci  o 

b)  orthorhombic  Sb  O  £  ||  c  , 

c)  cubic  SbQ0 

Ci  O 


.  ..  —  j. 

J.fi  iiii 
plKhiii  enayy  h-i'J 


/[  ^  v'  values  of  3,25  and  3,30  eV,  respectively  (1). 

_ Is-—  ,  In  the  case  of  cubic  SbaO  the  photocon- 

i  3 

k  ■  ;  '  '  ductlvlty  onset  occurs  at  about  3.10  eV .  Fig.  1 

i  —  ^\  1  i0 

/'  Y  ^  ,A  shows  an  extrinsic  photoresponse  peak  coinciding 

with  ti»e  small  peak  in  the  optical  absorption  co- 

,il_i . l_  _  j  i  efticient  data,  occuring  at  energies  below  the 

30  JA  'ill 

phchin  enayy  (eV)  -  bandgap.  Such  absorption  can  be  due  to  crystal 

impurities  or  to  crystal  Inti  ice  defects  (the  latter 
seems  to  be  more  probable  since  this  absorption  does  not  show  up  in  the  ortho¬ 
rhombic  Sb„0  grown  from  the  same  melt).  Therefore,  no  attempt  was  made  to 

O 

use  the  Moss  criterion  since  it  is  only  applicable  to  inter-band  transitions.  Since 
the  extrinsic  optical  absorption  results  in  a  photoconductive  process  we  conclude 
that  this  process  results  in  creation  of  free  carriers  rather  than  of  excitons,  un¬ 
less  the  latter  immediately  dissociate.  In  the  short  wavelength  region  (Fig.  1) 
the  photoresponse  drops  off  sharply  while  the  absorption  coefficient  is  rising 
Bteadily,  indicative  of  the  onset  of  inter-band  transitions.  This  sharp  drop  in 
photorosponso  we  attribute  to  a  strong  surface  recombination  in  the  higher  photon 
energy  region  where  the  optical  absorption  depth  is  decreasing. 

All  attempts  to  measure  the  photoconductivity  of  amorphous  Sb_0  were  un- 
successful.  These  results  were  not  unexpected,  however,  since  the  photosensitivity 
of  tiie  amorphous  phase  could  be  several  orders  of  magnitude  less  than  that  of  the 
ciystailine  phase  (5).  In  this  regard  it  should  also  be  noted  that  even  in  the  cubic 
crystal  we  were  unable  to  measure  the  photoresponse  far  enough  in  the  intrinsic 
absorpllon  region,  due  primarily  to  strong  surface  recombination. 

We  wish  to  thank  B.  Van  Pelt  for  supplying  the  crystals  and  amorphous  films. 


Shoe;  Notes 


K163 


References 

(1)  C.  WOOD,  B.  VAN  PELT,  and  A.  DWIGHT,  phys.  stat.  sol.  (b)  54,  701  (1972). 

(2)  F.S,  JOHNSON,  K.  WATANABE,  and  R.  TOUSEY,  J.  Q?t.  Soc.  Amer.  41, 

702  (1951). 

(3)  J.  HAMMANN,  Z.  angew.  Phys.  10,  187  (1958). 

(4)  T.S.  R'.OSS ,  Photoconductivity  in  the  Elements,  Academic  Press,  New  York 
1952. 

(5)  Z.  HURYCH,  R.  MUELLER,  C.C.  WANG,  and  C.  WOOD,  J.  non-ciyst.  Solids 
11,  153  (1972). 

(Received  February  16,  1973) 


164 


L 


C.  Woiiii  el  ul. :  Option  1  Properties  of  Sb203  701 

pliys.  H(.at.  sol.  (I>)  64,  701  (1972) 

Subject classification :  20.1;  2;  22.0 

lle/mrlnmil  of  I’liyxins,  Northern  Illinois  University,  DeKntb 

The  Optical  Properties  of  Amorphous 
and  Crystalline  Sb208  *) 

i*y 

(’.  Wnon.  11.  van  I’ki.t,  mid  A.  Dwiuiit 

The  npl.ie,il  proper! ies  of  synl belie  crystals  of  oi'tliiii'linnibie  and  cubic  iSb20:i  .'ire  en nipiire.il 
willi  those  of  amorphous  Sh.A).,.  The  energy  gaps  in  (lie  erystuls  were  found  to  correspond 
to  indirect  Irtiiisilions. 

I,es  propi  ieles  opfiipic  des  cristaiix  syiitliiTitpio  iirthtirliiiuihiipio  ct  e.ubirpie  lie.  Sba03  out 
6le  eompnrf'H  uvee  e.elles  de  I’efitt  nniorpho  lie  Sh303.  l.es  separations  de.s  bandes  d’e.aergie 
poui'  los  erystanx  soul  oeeasioimes  par  des  transitions  indirect. 

1.  Introduction 

As  |uirf  nf  n  sliiily  of  the  homologous  series  of  compounds  of  Sb  with  Group  VI 
elements  we  Imve  investigated  the  optical  properties  of  antimony  oxide  8b203 
in  tin:  a in«ir | iliimst  and  crystalline  forms.  Sb203ha.s  two  crystalline  modifications: 
orthorhombic  Peril,  DA1},  and  eubie  Fill! in,  ()/, .  The  homologous  compounds 
Sb,Se3  and  Sb2S3  occur  only  in  the  orthorhombic  form  Pbnm,  DA", .  Both  forms 
of  Sb203  exist  as  natural  minerals,  the  former  as  a  valentinite  and  the  latter  as 
senarmontite.  We  report  optical  studios  on  synthetic  crystals. 

2.  Materials  Preparation 

The  crystals  were  prepared  by  enclosing  a  charge  of  Sb203  powder  in  a  sealed 
evacuated  ijiiart/.  tube  40  cin  long  and  placing  the  tube  in  a  temperature  gra¬ 
dient  such  that  the  end  containing  the  powder  was  at  680  °C  and  the  other  end 
at  mum  temperature.  Small  orthorhombic  needles  having  dimensions  of  a  few 
millimetres  length  and  lini'tiims  of  i  mm  in  cross-section  with  the  growth  axis 
in  the  c-direetinn  were  prod  need  in  the  region  of  the  tube  above  670  °C  14 
I  i  iangiilar-faeeled  eubie  crystals  of  dimension  several  millimetres  on  a  side 
were  for iiH'il  in  the  regions  just  below  670  °C.  In  addition,  material  deposited 
on  the  walls  ol  I  lie  tube  (m  mi  fused  ipinrtz  substrates)  as  an  amorphous  film 
was  also  investigated  optically.  Larger,  lint  less  perfect,  orthorhombic  crystals 
were  grown  by  an  open-1  ulie  method,  using  argon  as  a  carrier  gas  and  maintain¬ 
ing  I  lie  Sli203  powder  i  I  676  C  and  the  t  ube  at  5? 580  °C, 

3.  Crystal  Structure 

'1  lie-  st  ruct  are  and  single  crystallinity  of  each  phase  was  determined  by  X-ray 
diffraction.  ( tabic  Sli2()3  contains  16  (Sb203)  molecules  per  unit  cell.  The  atomic 
positional  parameters  given  by  Bozorth  [2|  for  the  cubic  form  of  Sb203  are 

')  This  work  wns  supported  by  the  Advanced  Research  Projects  Agency  of  tho  Depart¬ 
ment-  nf  Defense  mid  was  monitored  by  tho  Army  Research  Office,  Durham,  under  Contract 
No.  DA-ARO  D-31-124  71-01:12. 
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incorrect  and  refined  values  a^si)  =  0.885  and  x0  =  0.190  given  by  Almin  and 
Westgren  (B],  were  used  in  the  present  work.  From  a  Debye-Scherrer  powder 
pattern,  the  unit  cell  constant  was  found  to  be  11.152  A,  and  the  nearest  neigh¬ 
bor  Sb-0  and  0-  0  interatomie  distances  were  calculated  to  be  1.997  and  2.94  A, 
respectively,  which  are  in  good  agreement  with  the  earlier  data  [3],  (Table  1). 

Tablo  1 

rnteratomio  distances  in  orthorhombic 
and  cubic  Sb2Os 


structure 

contra! 

atom 

bonded 

atom 

distance  (A)  and 
multiplicity 

eidiie 

Sb 

0 

1.997  (3) 

O 

2.K88  (3) 

Sb 

3.(127  (3) 

O 

Sb 

1.997  (2) 

Sti 

2.888  (2) 

0 

2.944  (4) 

ortho¬ 

rhombic 

Sti 

0,1 

1.997  (1) 

O, 

1.999  (1) 

0,1 

2.010  (1) 

0, 

Sb 

1.999  (2) 

O.l 

2.011  (2) 

0,, 

Sb 

1.997  (1) 

Sb 

I  2.010  (1) 

Sb 

,  2.511  (1) 

The  orthorhombic  form  of  Sh,03  consists  of  four  (Sb203)  molecules  per  unit 
cell  comprising  endless  Sb303  chains  parallel  to  the  c-axis.  All  Sb  atoms  arc 
crystallogrnphicnlly  equivalent  but  there  are  two  different  O  sites  in  the  lattice. 
Oalcuhitcd  intensities  made  with  the  atomic  positional  parameters  reported  by 
Buerger  |4|  agreed  well  enough  with  observed  intensities  on  a  Debye-Schcrrer 
powder  pattern  that  the  literature  values  were  assumed  to  be  correct.  The 
nearest -neighbor  Sb  t)  and  0-0  interatomic  distances  were  calculated  to  be 
1.997  A.  i.e..  the  same  as  in  the  cubic  form,  and  2.01  A.  respectively.  These 
values  differ  considera hly  from  those  of  Wyekoff  |5|  although  sonic  doubt  is 
expressed  on  the  quoted  values. 

The  volumes  per  formula,  weight  (VjM)  were  calculated  to  permit  u  compar¬ 
ison  of  packing  efficiency  giving  values  of  8(1.07  A:l  (cubic)  and  83.03  Aa  (ortho¬ 
rhombic).  indicating  a  more  efficient  packing  in  tin1  high-tcmperatureorthorhoin- 
hie  form. 

I.  Optical  Mcusiircinciils 

A  Cary  I  111  spectrophotometer  was  used  to  make  optical  transmittance  (T) 
and.  with  a  strong  rcflretimee  attachment.,  reflectance  (ft)  measurements  on  all 
I  luce  forms  of  Sl»,( ).,.  including  ft'  ||  b  mi. I  ft  ||  r  for  the  orthorhombic  structure. 
Nn  tuples  wit  h  mil  orally  grown  planar  surfaces  were  chosen  for  the  measurements, 
no  further  treatment  was  applied.  The  short-wavelength  limit  in  the  measured 
spectral  range  was  set  by.  the  automated  slit-width  of  the  Cary  14R  spectro¬ 
photometer  reaching  the  fnlly-opeu  position. 
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l.  llefraclUt*  of  4i tn«ir jiIh i iih,  nrthnrlmm1»i<\ 

autl  I'Mlilf  HhgOf.  (I)  (Iilcknejti  OOpuu:  (2) 

urllitirliutuMi',  ft||U,  I Iilt*k iii'kh  I2(I|aiii;  (3)  urtlmrlmnili- 
W,  f:||r,  IIilcktuwM  1 20  inn  :< 4)  Millie,  tlilnknrM  H 30 pirn 


photon  enetyy(eV)-  ♦ 


l'l«.  2.  A  IiHur  |t|  lt»n  I  ml  iri'H  nf  amoritlimm,  ortliorlimnblc, 
mill  Mibb'  SlijO,.  (|)  ftunirplnuis.  tlilcknesn  00  pun;  (2) 
tirtlmi  lididUIr,  J£||b,  thhrknriw  I20pun;  (3)  ortliorliumh- 
l<\  K  ||  c,  I  hlcknoftH  iL’Oixin;  (4)  mi  hie,  thick  in  s*  830n»n 


Hie  uh.sorpt ion  cnofTici<*ii1<  <x  won  cnlenlnit'd  l»y  computer  programming  the 
third -degree  o(|iiu( inn  obtained  by  eliminating  (lie  front,  surface  reflectivity, 
r,  from  (lie  equations 


(3) 

I  liesc  equations  are  valid  only  if  the  multiple  refleeted  rays  are  incoherent; 
generally  interference  fringes  were  not  observed  in  our  samples.  Sample  thick¬ 
nesses,  r i,  were  determined  by  edge  viewing  with  a  microscope  fitted  with  a  miei  r>- 
meter  singe. 

1  ho  refract ive  and  absorption  indices,  n  and  k,  were  calculated  from  the  equa¬ 
tions 


.\ 


4  jr  k 

A 


and 


r 


(n  -  l)8  -f  k 8 
[n  +  1  )a  +  k* 


(4) 


and  arc  show'll  in  fig.  1  and  2,  For  the  cubic  sample  a  small  rise  in  absorption 
cun  lie  seen  jimt  before  the  main  absorption  baud  which  could  be  due  (o  lattice 
imperfections  or  impurities. 

I  he  Iron!  siirliice  reflectance  is  shown  in  Fig.  3.  These  measurements  wore1 
niinle  either  with  a  sample  ha  ving  an  irregular  shaped  rear  surface  or  a  correction 
was  applied  to  eliminate  t  he  reflectance  contribution  from  t  lie  renr  surface.  A 
peak  at  «s3.4  c\  can  be  observed  in  the  reflectance  spectrum  of  t  he  orthorhombic 
sample  lor  /£  ||  b  which  may  bp  related  to  the  onset,  of  direct  transit  ions. 
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values  of  a  comparable  with  the  experimental  values.  This  constant  is  about  two 
orders  of  magnitude  higher  than  that  of  Ge  and  Si  [7]  and  one  order  » 

Lie  higher  than  for  Sb,Se3  18,  9]  and  GaP  [10],  although  values  «!  Bj W  [6] 

41  VeLfpadsin  of  Fig.  4  with  the  experimental  results  shows  from  the  magnitude 
of  a  and  d«/d(fe  v)  that  an  indireet  transition  is  respons.ble  for  the  ow^ene  gy 
part  of  the  absorption  edge  in  both  single  crystal  forms  °Rf  F_|_g-  «). -  The 

following  values  of  B  were  obtained  from  the  slopes:  B  (E  1|  6)  -  1.4 X  16  , 

/,  p  r)  ^  2.1  X  10*.  and  B  (cubic)  =  9.9  X  10<  cm-'  oV'».  Drom  the  intercepts 
the  following  indirect  energy  gap  values  were  obtained:  for  the  ort  uu-hom 
evstal  as3.25eV  for  li  ||  ft.  »3.30cVfor  |-;|1  rand  lor  the  euhiecryst.il  ~4.0cV, 
iLleetim'  the  small  correction  duo  to  the  phonon  energies. 

The  absorption  edge  of  the  amorphous  form  was  also  found  to  obey  an  approx- 
imate  (a  n  h  v)1'2  dependent'  on  photon  energy  h  v  showing  conservation 
of  energy  but  not  crystal  momentum  [11],  and  a  value  oi  »3.8  eV  was  obtained 
for  the  intercept  of  the  amorphous  phase 

5.  Discussion 

Tt  is  seen  above  that  the  optical  properties  in  the  vicinity  of  the  energy  gap  of 
Sb  0  conform  to  other  memliors  of  the  homologous  senes.  The  absorption  edges 
K  with  indirect  transitions,  as  for  Sh*  and  SlwSe3,  the  reflectance  spectrum is 
elmrneteristie  of  group  V  -VI  compounds,  and  tho  magnitude  ol  the  reflectance, 
id  depressed  and  smoothed  on  the  crystalline  to  amorphous  transition,  as  is 
general  for  group  V  VI  compounds  nnd  many  other  materials  However,  tin 
large  shift  «>f  the  energy  gap  to  higher  energies  on  the  ortl.or  hon, hm  er^ it  - 
line  to  amorphous  transformation  is  in  strong  contrast  aith  Sb.3Sc3  in  which  tin 
indirect  edge  of  the  erystiillino  orthorhombic  phase  and  the  edge  in  the  amor- 

1,1  VhL»eUtW,^HU rido  os  to  which  way  tho  energy  gap  sh.mdd  shift  on 
loss  of  long-range  order.  Km-rgy  gaps  may  slnlt  to  higher  energies  (N.  U  |  Id]), 
remain  tlm  some  (Ge  1 141.  SbaSe9  [12|),  or  shift  to  lower  ]  » 

11511  at  the  crystalline  to  amorphous  transformation.  I  ait  o  tin  problem 
Sn  tlii'uneeitohd  V  as  to  which  region  of  the  absorption  edge  in  the  two  phases 
should  be  compared.  Certainly  one  would  expect  the  more  weakly  bonds 
(second  I  bird, ele.  m’.vn'st -neighbor)  atoms  and,  therefore,  the  indirect  transitions 
to  be  most  strongly  affected  by  structural  randomization.  For  a  more  definitiv 
j-rasp  of  the  effects  of  randomization  on  the  electronic  structure  the  who  e 
spectrum  inelmling  direct,  transitions  should  be  compared.  We  are  cuiren  y 
attempting  to  grow  thinner  crystals  of  larger  area  to  obtain  more  accurate  opti- 

cal  data  at  higher  photon  energies.  n 

These  results  however,  suggest,  that  (lie  short-range  order  in  nmorp  in  .  2  3 

a , »pm\i ,nn tes  inore  e.osdy  £  that  of  the  cubic  than  the  orUiorhombie  form 
a  conclusion  somewhat  supported  by  the  looser  packing  ol  the  eub.o  «»"»•« 
by  the  Mossbaue,  studies  of  Long  et  nl.  1 1«|  where  t  ie  ,p.ad.  ..pole  spl tt mg  n. 
the  amorphous  phase  more  closely  corresponds  to  tlu.l  ol  the  .•nine  st.  ncture. 

in  order  to  relate  the  optical  to  the  crystallographic  st.  .. otnre  u,  t  lie  two  crys¬ 
talline  forms  ol  Kl>2<)3.  ”  ch  ulution  of  bond  number,/..  was  imoh  lor  each  ol  • 
bonds  listed  in  Table  I  using  the  orpiatiou  lor  bond  length  I '  <  I  • 

/>(«)  7>( I )  —  0  tHog10 «  .  (8) 
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where  the  single  bond  length  D(\)  —  rA  4  rB  —  0.08  |^A  —  ^B|  =  2.022  A  for 
iSh-O.  Till*  viilem-o  (11  n)  indicates  that  the  valencies  of  Sb  and  O  are  fully 
satisfied  by  the  first  nearest  neighbors,  i.c.,  the  coordination  number  is  3  for  Sb 
and  2  for  0.  Therefore,  in  contrast  to  other  V-Vl  compounds  where  it  has  been 
suggested  that,  the  valence  bunds  arise  from  resonating  p-bonds  ft  8],  it  appears 
t  hat  in  Nli,0.,the  valence  and  conduction  bands  arise  from  bonding  (a)  (or  lone- 
pair  stales  1 1 0 1 )  iind  anfihonding  (cr*)  states,  respectively.  Both  optical  ab¬ 
sorption  measurements  and  bond  length  determinations  show  that  these  bands 
are  somewhat  closer  in  energy  in  t  he  orthorhombic  than  in  the  cubic  structure. 

Ac/iiiowlrt/fjemrnt 

We  me  indebted  to  L.  R.  Gilbert,  tor  assistance  with  the  computer  program¬ 
ming  of  the  opt  icnl  data. 
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Received  .1  Mill  Ji  l')72 

I  lie  pholocomluclivc  spcclial  response  of  iiinoiplions  Shi  ,  So ,  Minis  ;is  .i  I  unci  ion  of 
cuiiiposilnm  shows  llml  ;iii  excess  *it  Sh  01  So  causes  a  shit r  lou.iril  sin.illei  or  l.ireer 
actnalinn  energies.  lespeeineh,  whcncnnip.ircdwnhslimlnnincIrH  ShcSc  i  hlins  ( ,  il.uOl. 
'I  Ins  shill  iii’iees  will)  the  sluli  ol  the  ophc;il  iihsorplion  eiltje.  An  esimiiite  ol'  ihe  density 
ol' slides  ill  Ihe  spins,- 1  emu  level  lor  iiinoiplions  SlvSe.i  trues  v, dues  ol  id  Iv.isl  ID1  yiealcr 
Ilian  ihe  sinislcaysi.il  in;deii;il. 


I.  Illlrndnctjoii 

Amorphous  Sh, Sc,  is  unc  ol  I  he  lc;isi  invest  iguicd  olThe  V  VI  compound 
semiconductors.  1  here  cxisls  Idilc  expcruneni.il  rl.n.i  on  pholocondiicbvi- 
l)1').  and  there  Ihe  sample  compositions  Mere  inn  well  delmed.  Hecaiise 
ol  large  dillcreuce  in  ihe  vapor  pressure  of  the  uui  eoiisiiiuenis.  eomen- 
iioii;iI  evaporaiion  1 1 on i  a  single  source  ol  Sh.Se,  does  not  viol  i  sioiduo- 
nudric'  Sli.Sej  films1).  I  si n i;  a  coidrollcrl  co-e\npoiniion  proeedure  we 
have  produced  Sh,  ,Se,  lilms  in  :i  large  range  ofcoinposnions  wdh  v-valucs 
from  U. 52  up  to  0.X6,  so  linn  Ihe  cllcci  of  the  v-vnliie  on  phoiocondiiciivc 
spectral  response  and  ihe  photosensitivity  /rr  could  he  investigated. 


2.  Preparation  of  samples 

Samples  deviating  from  stoichiometry  were  prepared  Ivy  eo-ev;ipor;dion 
ol  Sh  limn  iiu  electron  hc.nn  gun  and  Se  from  a  resistor  he.ilei  onto  room 
lemperalure  cpiari/  substrates').  Two  Sloan  ONMI  II A  quart/,  crystal 
monitors  and  conlrollers  .vere  used,  aial  the  evaporaiion  rale  of  Ivoih  Sh 
anil  Se  separate  y  inonil  ,  cd  and  recorded  on  v-/  plotters.  I  ‘or  the  sloiehio 


•  'I  Ins  research  w  as  snpporled  hy  the  Adcanced  Research  Project*  Agency  of  the  Depart- 
iTicm  ,d'  Delense  and  was  inondoie<l  hy  lire  Armv  Research  Ollice,  Dnrliain.  under 
Contiiicl  No  I  )A-AR(  )-IV- )  I  -  1 27-71  -til  >.!. 
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melric  composition,  Sh,Sc„  sum  pics  were  prepared  both  by  coevaporation 

ami  by  a  niodihcd  single  source  evaporation  using  an  electron  beam  gun'). 

Ciold  contacts  were  evaporated  onto  the  substrates  in  a  separate  vacuum 

system  prior  to  lilm  deposition.  Antimony  contacts  were  evaporated  onto 

substrates  during  the  same  vacuum  cycle  helore  the  Sb,_ASet  films  were 

deposited.  The  back,-, omul  pressure  was  ~  10  "  torr.  The  composition 

o'  S!""l,lc's  was  ‘‘etermined  by  electron  microprohe  with  an  accuracy  of 

'  l 1 1,0  "lms  wc,c  ,'0"1"1 ">  amorphous  boll,  by  X-ray  and  electron 
uiliraiiioii1'). 

3*  I'liolocoiidiidiviiy 

Photoconductivity  of  Sh,  ,Se,  films  will,  ,.„|«|  contacts  was -investigated 
lor  various  compositions  an  responding  to  the  .v-valncs  in  the  range  010.52 
up  to  0.86  I  he  spectral  dependence  of  pliotocoiidnctivitv  was  measured 
"M"1'  lllul  1 'Mi  Intensity  (hating  Monochromators  I  j,.|,t 

was  mechanically  chopped  at  various  Ircpie.icics  between  16  and  80  cps 
ami  Hie  photosipnal  was  synchronously  dotccicd  using  |»AK  IIK-K  lock-in 
ainplilicr.  The  results  arc  plotted  as  a  change  in  coiidncliviiy  per  incident 
line  versus  photo,,  energy  in  lip.  I.  i  bis  ligmc  clearly  shows  the 
o"«  llt,l’e"dc"ce  ol  the  pl.oloco.nhiclivc  spccl.al  response  on  sample 
ioiuiM.MiH.il.  I  he  set  ol  curves  I„:s.  la  and  II,  is  divided  l.y  the  curve  lor 

'  "l,n ' V ' :  ° <,0)  Wl,h  '  P|u»< ««•*» ««l hci i vi , y  ae.iva.ioi, 

.  V,  "  '  i,S  do,cr""nc‘l  |,v  M""'  c«ie».on«).  The  cocvapoialcd 

‘"’‘I  l,0;U"  l«'ve  essentially  the  same  spectral 

response.  It  is  seen  tl.al  with  me, easing  Sh  content  ( .  <0  60)  the  activation 
nieipy  and  the  photoconductivity  onset  move  toward  lowc,  energy.  while 

I  "  ?*'"  <N  shi,',s  ",0  '‘’P«'msc  toward  luphcr  nterptes 

'  US,K"'  IO  S  >2Sc-‘  ll,ln-  1 1,0  c,lci1  1,1  composition  on  the  position  of  the 
«  mondiietiviiy  onset  was  always  found  to  cones, .,„,d  to  the  change  m 

l'"Ul  0|’"c;i1  P'^inon ')  I'lns  dependence  of  r 

cm  compos, no,,  ,s  similar  to  that  of  .„ell-c|„e„c hed  amorphous  Sh,  s“ 

of  s  n  d|  i 'v  M'TVsk"  Cl  llw*  «»'•■''•«  present  on  the  onset  ^ 

-  c  hi  ms  ,s  due  to  the  optical  mter.Vrencc  as  show,,  hv  comparison 

!  “»  1  •"  comparison,  ,,p.  |  ;,lso  N|lo;vs  lm|l). 

sensitivity  o|  si i, pie erysiallme  Sli,Sc,  with  ,  |  |  ,.y. 

'''I"'  l"v  auipcii-  cl, arac, ensues  wee  .iues,u.ilted  and  acre  found  linear 

. . . *  . . ** . * . 

to  lowu  I, gin  imi.-umii.-n  duet.,  the  low  phoioseusitivUN  oft, lms 

von  II, on,. I,  i In*  contacts  were  ca, efnlly  shielded  Iron,  dlummaiiou  diiruic 
"K  suHinems  to  avoid  any  photocoltaic  decs,  some  dec.  of  eon 
. . sohseivcdonthe  spectral  re . .  ,f,p.  when  Sh  *  A^. 
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did  were  used.  However,  we  lomui  this  condiet  filed  was  much  weaker 
than  that  reported  in  rel.  2 

The  absolute  photoconductivity  was  measured  at  hv-  l.ftSeV.  1  lie 
chopped  lip, lit  illuminated  the  sample  through  a  light  pipe  of  known  diame¬ 
ter.  from  the  absolute  photoconductivity  An,  the  product  (/it)  was  calculated 
using  a  relation 

An  •••■  i/i/  (/ir)  Aljlliv. 

where  A  is  the  sample  ahsoi plance.  I  is  the  sample  thickness.  </  is  the  elee- 


I  iy.  1.  Kcliiiivc  plumiscnsilivity  of  Sbi  ,Se.r  lilms.  (u)  Sc  rich  films;  O')  SI'  nd>  ll|i"s. 
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ironic  charge  :nul  /0  is  ihc  light  flux.  The  t|iiaiitum  eflicicncy  1/  wns  assumed 
lo  he  one.  The  light  liux  was  determined  using  a  ealihraled  thermopile. 

The  values  oft  lie  /<  r  (where  1  is  the  lifelime  of  excess  carriers)  were  found 
to  he  in  the  ran  pc  of  6  x  10  up  to  2  x  10  '*  emJ/V.  The  value  of  ;ir  lor 
single crystalline  NhrSe,  was  found  to  he  3  x  I  O'  s  cin2/V, 

A  direct  display  of  the  decay  of  the  plioiocondnclivc  pulse  was  generally 
impossible  because  the  photosensitivity  of  the  films  was  very  low  and  l lie 
signal  was  olleu  below  the  noise  level.  The  phoiocoudiictivc  response  time 
was  measured  Irom  the  phase  shilt  between  the  light  pulse  and  the  photo- 
eondnelive  response  using  a  method  described  in  ref.  8.  The  values  of  the 


h  frV| 

I  in-  It (  l.tlive  pliiilnies|H)ii\e  .iikI  (>|iin'iil  ahsorpliiiKC  foi  Sl>i  ,Sc,  Him  with  i  I)  52 1. 

response  lime  wcie  ID  '  lo  |()  2  see  for  lilnis  compared  lo  •lOOpsee  for 
single  eiysi.il.  Ii  should  he  mded  that  this  mciliod  measured  (lie  “elfeclivo" 
1  espouse  nine,  i.e.  iliosc  components  of  the  pulse  which  coninhulc  lo  the 
larges!  mea  of  l he  pulse.  I  Ins  means  dial  tins  method  cannot  resolve  the 
vu  y  Iasi  initial  1  ise  a  Mil  tail  ol  (lie  pulse  winch  is  I  mind,  eg.,  lor  amorphous 
As,  Ii  ,  )  or  (jeli."1)  and  which  was  associated  with  the  recombination 
lifelime. 

4.  Discussion 

I  lie  phoiDcnudiicliviiy  spectral  response  shows  a  strong  dependence  011 
composition  which  can  Ik-  used  lo  explain  the  dilference  m  spectral  response 
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riioTOCONOumviTV  in  amorphous  Sin  'rSc,  i.ayi  rs 

between  our  stoichiometric  Sb2Se,  film*  mul  those  reported  by  Kolomie.s 
cl  „!..•»>.  Their  films  were  prepared  by  conventional  evaporation  from, 
source  of  Sh.Sc,  which  we  I  omul  produces  nonstoichionnunc  I.  Ims  '  £ 
composition  depending  on  the  temperature  ol  the  «»..«« --  k  •- 
ev.tporu.ion  cycle  due  to  prcfcrcnt.nl  evaporation  ol  Sc  I  he  d.sc.cp  ncy 
J  <en  their  results  and  ours  cun  therefore  be  explained  by  an  cxcc. .  . 

Ml  CompuriniMlte  spec. ml  response  ol  amorphous  will.  crystoM.uc  Sh^c, 
one  finds  no  significant  d.lVcrcnce  between  the  shnrpness  of  the  on  u 
these  two  different  modifications.  Even  though  a  d.ITt.sc  onset  ol  photo- 


Fte  t  nice,  of  St,  or  An  con.uc.s  on  U,c  spectral  photocmuloefivc 
b  response  or  Sh,  .Sc.  films. 

locnli/cil  and  extended  sluts  ‘  .  •  |S|V  lor  amorphous 

. . . .  «*»  *7 .c™,: ; . ;  ,i„ 

i :ii  *nul  < ii* 1  M  All  llicsc  mciisnicincnls  snj.j  t. 
process  of  photoconductivity  includes  both  optical  and  bansr 

Vm . . . . .  ws  z  s- ^ 

. . .to  ».">  ««  '"'h“  "i  n  n  i».i  n«  «*«*. 

from  eicctrieul  or  magnclie  measurements.  It  is  known  ) 


z.  111  aiveii  i  r  At., 


nx 

‘‘optical’’  density  ol'  localized  slalcs  in  (III1  |*it|>  can  he  ;i  lew  orders  of  magni¬ 
tude  lower  than  i lie  density  obtained  from  transport  mensurcmcnis. 

While  from  t lie  nhsolnle  photoconductivity  one  etin  e.isily  ohuhn  the 
product  /i r .  the  separation  of  this  product  into  its  two  constituents  has  to 
include  some  model  for  transport  of  carriers,  for  example,  the  model 
proposed  by  Weiser  anil  Hrodsky")  for  ainorpliotis  As, To,  assumes  that 
culled  earners  mine  alonp.  or  pist  above  I  lie  ‘‘mobility  edge",  and  r  was 
cipinlcd  to  the  earner  lifelime  having  a  value  of  •'  10  11  see  tints  giving 
mohihiy  values  of  the  order  of  0.1  to  I  cin’/V  see,  which  is  just  on  the 
boundary  between  a  localized  and  deloeali/ed  conductivity  mechanism, 
i  lie  opposite  approach  was  taken  by  l^oloiuiel.s11')  who  associates  t  with 
the  response  lime  of  -'10  1  see.  eontiolled  bv  trapping  elleeis,  and  comple¬ 
tely  neglects  the  iiuli.il  fast  pail  of  die  pholopnlsc.  I  lie  corresponding  values 
of  /<  are  thus  in  the  111  1  to  10  ‘  em;/V  see  region  corresponding,  to  local¬ 
ized  mobility  I  he  nine  10  '  see  then  eonesponds  to  the  “lifeliuie"  of  a 
Imppmg. t  an ici  between  haps. 

II  we  assume  a  delocalized  mobility  value  ol  the  nrdci  I  cmVV  see  in  our 
lilius  then,  hetause  i he  /n  piodnct  has  values  ol  the  order  III  0  to  10  111 
i  iu'/V,  the  leroiuhiiialioii  lileiime  has  to  be  in  the  i.nige  III  ’’  to  It)  see 
I  lie  iiinnediate  eouseipieuec  is  (li.it  llieie  must  then  exist  recombination 
eenieis  or  deep  Haps  ol  very  huge  cross-section  appioxmialely  in  the  middle 
ol  die  pseudngap.  I  he  oidei  o|  uiagmliide  ol  the  density  of  traps  can  he 
estinialed  limn  lollow  ing  kinetic  conditions  I  lie  light  intensity  used  eoi  re¬ 
sponds  to  the  prnci.ilion  i,ile,i;  -  I  tl1 ’.'cm  ’  see  aid  aged  over  the  a  hsoi  pt  ion 
leni’lh  In  the  steady  state  condition  the  density  of  free  carneis  («)  must  be 
e'pial  to  r ./,  where  r  is  the  free  carrier  lileiime  Taking  the  average  value 
ol  /it  to  be  I  s  10  1 1  iii‘,  V,  the  lileiime  ol  nou-loe.ilizcd  rarncis  lias  a 
'alue  r  -  10  sec,  yielding,  n  I0l"/ciu\  Now  (rapped  earners  of  density 
a,  icsiill  in  a  response  time  rlt.s|,  longer  than  t  bv  the  factor  r„M,/r  -(//,  |  n);n 
'/i, //i.  In  our  ease  tlc..(,  r  10  -’,10  "  -  |o".  yielding  n,  I0"‘<em'.  Trout 
the  total  number  of  Mapped  earners  n,  we  can  then  estiniale  the  total 
mniiher  ol  trapping  stales  iV,  between  the  inobiluv  edges  assuming  that  the 
napped  earners  arc  in  thermal  eipnlibnuin  w  ith  (lie  conduction  or  valence 
hands.  I  .veil  though  the  napping  states  should  he  thought  to  be  distributed 
continuously  tin oiigboiu  the  gap  with  the  density  ,\‘/eur' eV,  the  mn|or 
pa  1 1  ol  t  an  lias  ;oe  trapped  at  I  lie  levels  willun  a  slue  A  /  id'  the  i|ll  isi-l  Ta'llli 
level  /  *  I  heeon-lition  of  thermal  eipiilihruuii  then  yields"1) 

n,  N*k  I  I  * 

exp 

u  k  I 

willi  N,  -  ll),,’/eiii  ‘  being  the  elfeetivc  density  i  f  stales  in  the  eonduclion 
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Sninl.tr  calculations  wc.c  performed  lor  single  rryMalh.ie  Sh.Se,  eonna- 

•,17n  "'e  rCS|'n,;sL'  ‘">‘1  ">c  internal  pho.oscnsiiivnv  ,n,  assanmu* 
a  mobihlv  ol  45  ci,r,/V  see1')  In  (his  ease  ue  .omul  ,ha,  ,l!e  densin  ot 

omTIu-T  i'!,ll,l’rl"Tl  Crn,i  k'V,'',  k'  l,nvn  ln  «"  |0’IM  •'  "^m 

. . .  ,  ■’  101  ,,u;  """’rphons  hlms  thus  pi vnm  values  Hi" 

/tm  ,l  V  l"  . . .  **>!*>■  ".is  lac.  is  of  pamcnla.  impor.ancc 

J  *’  11,1,1  bo"’  :imo,llho,,s  «"‘l  crysialhne  Sh.Se,  exhibit  pho.o- 

hisidc'lhe  pi|lp1St'1  S"’"'iir  *l,i,rpnCSS  dcSp"C  til,il0  dilXvKni  v""«  ofs.mes 

5.  C  oiichision 

. . . . . . 

ioihIiiuivo  c.lpe  »„»b  ,V„I,  ,1,0  „l, OJ  ,, . ■ 

n  ";;’c  \os  ,M . T”'  c,lrc  “  . . .  .  "■*  »»!,), /- 

,“‘S  ’  "  “r  I  Ik-  phnlooomluotivo  r„. 

iimorplioiis  Shj.So.  „  . . .  ,)„„  tryslal  sllj.Sej  ^ 
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no  direct  evidence  lor  t lie  hand  Inilinj’  into  t lie  pseudogap.  On  the  oilier 
hand,  the  analysis  ol  I  lie  pholocondiietiviiy  kinetics  yields  much  hiiilicr 
density  stales  deep  inside  the  psetulopap,  with  values  ~8  x  I011  to  K)JI/’eV 
cm  1  which  are  closer  to  densities  ol'  stales  obtained  from  transport  railier 
than  I’roin  optical  measurements. 
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times 
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Abstract  It  is  shown  how  the  photoconducti'.  s  response 
time  to  can  be  readily  determined  from  the  phase  shift 
between  the  exciting  radiation  and  the  photooirrent  using  a 
lock-in  amplifier  technique. 

A  standard  method  of  measuring  ac  photocurrents  which 
employs  chopped  light  can  be  easily  modified  to  yield  also  the 
photoconductive  response  time  to.  If  a  photoconductor  with 
response  time  to  is  illuminated  by  symmetrical  square  wave 
pulses  of  frequency  /,  the  first  harmonic  frequency  of  the 
photocurrcnt  is  delayed  with  respect  to  the  exciting  radiation 
by  a  phase  <j> o,  where 

^o  =  27t/to.  (1) 

This  phase  shift  <f> o  can  be  easily  measured  using  a  lock-in 
amplifier  as  a  phase  sensitive  detector.  In  order  to  obtain  a 
good  accuracy  in  ^o, /must  be  chosen  of  the  order  of  1/t0. 
This  note  indicates  how  additional  phase  changes  due  to  the 
electronic  equipment  can  be  eliminated. 

In  ac  photoconductivity  measurements,  the  exciting  light 
pulses  are  usually  produced  by  a  ligh'  chopper,  where  the 
same  blade  chops  the  light  illuminating  the  sample  and  a'so 
the  light  from  an  auxiliary  light  source  which  is  placed  in 


Apparatus  ana  tcaumpu’s 

fionl  of  a  photosensitive  detector  I’.  I'  thus  provides  a  signal 
coherent  with  the  exciting  light,  which  is  used  us  a  reference 
for  the  lock-in  amplifier,  In  photocurrent  measurements,  the 
phase  of  the  lock-in  amplifier  is  adjusted  to  'he  ralue  <f>i 
for  maximum  mixer  output.  Clearly, 

4>i  —  <f>o  +  <f>K  +  <)>c.  +  4‘v  (2) 

where  the  subscripts  0,  E,  G,  P  are  symbols  for  the  phase 
shifts  due  to  the  sample,  electronic  equipment,  geometry  of 
the  light  chopper  and  the  photodetector  P  with  its  electronic 
circuit,  respectively. 

The  sample  is  subsequently  replaced  by  .uioltici  ‘icfcioicc' 
photodetector  R,  with  a  very  short  response  time  tk  so  that 
the  corresponding  phase  delay 

/tk  0) 

is  much  smaller  than  <j> o.  Then  without  any  change  in  elec¬ 

tronic  circuits  or  geometry  of  the  equipment,  the  phase  of 
the  icek-in  amplifier  is  again  adjusted  to  a  \afcte  ^  far  rawi 
mum  mixer  output,  so  that  according  to  equation  (2) 

</>"  — + +  (4) 

From  (2)  and  (4)  we  obtain 

+  (5) 
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lifetime  of  minority  carriers  (Rose  1963,  Mort  1968).  Such 
materials  are  rather  poor  pl.oioc-or.dueUirs,  and  the  applies 
tion  of  the  above  method  is  particularly  advantageous. 

Acknowledgments 

This  research  was  supported  by  the  Advanced  Research 
Projects  Agency  of  the  Department  of  Defense  and  was 
monitored  by  the  Army  Research  Office,  Durham,  under 
Contract  No.  DA-ARO-D-31-124-70-G77.  The  author  would 
like  to  thank  Dr  C  Wood  for  his  valuable  discussions. 

References 

Hurych  Z,  Wang  C  and  Wood  C  1971a  Bull.  Am.  Phys.  Sac. 
16  400 

Hurych  Z,  Wang  C  and  Wood  C  1971b  Phys.  Letters  34A 
291-2 

Rose  A  1963  Concepts  in  Photoconductivity  and  Allied 
Problems  (New  York,  London:  Interscience)  pp  18-22 
Mort  J  IMHSJ  l-:gJ  Pkt  i  19  fWt-9 

Journal  of  Physics  E:  Scientific  Instruments  1972  Volume  5 
Printed  in  Great  Britain 


and  the  photoconduct ive  response  time  to  is  then  determined 
from  equation  (I).  If  ru^rn,  <f>u  in  equation  (5)  can  be 
neglected. 

An  orthorhombic  ShjSe3  single  crystal  was  used  to  compare 
this  technique  with  the  ‘graphical’  method,  where  to  is  deter¬ 
mined  from  the  decay  of  the  photocurrent  pulses  observed  on 
an  oscilloscope.  Very  good  agreement  was  obtained  for  to 
in  the  range  40&-80  /ts  using  a  PAR  HR-8  lock-in  amplifier 
and  /=  700  Hz  (Hurych,  Wang  and  Wood  1971a).  The  vari¬ 
ation  of  to  in  the  above  range  was  achieved  by  partial  filling 
of  traps  using  a  dc  light  background  of  variable  intensity.  As 
the  reference  photodetector  R,  a  Texas  Instrument  silicon 
light  sensor  LS  600  with  a  response  time  of  15  /xs  was  used. 
This  method  was  used  to  determine  the  response  time  in 
epitaxial  YbTe  and  YhSe  (Hurych  et  ai.  1971  h). 

Due  to  the  use  of  a  lock-in  amplifiei,  the  method  described 
ahove  can  be  used  for  measurements  of  to  even  in  the  case  of 
photosignals  well  below  the  noise  level.  Thus  this  method  is 
applicable  to  very  poor  photoconductors,  or  can  be  applied 
to  good  photoconductors  at  very  low  light  levels  or  low  drift 
fields  if  it  is  desirable  to  eliminate  space  charge  effects,  and  is 
particularly  useful  when  other  graphical  signal  averaging 
instruments,  such  as  box  car  integrators,  arc  not  available. 

A  few  errors  are  associated  with  this  method;  for  example, 
equation  (I)  neglects  the  finite  width  d  (usually  a  fev  milli¬ 
metres)  of  the  illuminated  part  of  the  sample.  This  introduces 
an  error  A<^»  of  the  order  of  a  few  per  cent,  as  A^o ~d/L, 
whore  L  (typically  10  20  cm)  is  the  length  of  the  segment  of 
the  chopping  blade  corresponding  to  one  light  pulse.  Another 
source  of  error  (  ~  I "')  is  the  reproducibility  of  the  phase 
shift  dial  of  the  lock-in  amplifier.  (Since  this  method  measures 
the  dilVcrenec  <f>\ -  fc,  the  absolute  accuracy  of  the  phtse 
shift  is  not  important.)  Finall’ ,  the  value  to  determined  from 
equations  (I)  and  (5)  is  the  exact  response  time  only  if  the 
rise  and  fall  of  the  photociu  rcnt  are  symmetrical  and  obey 
the  exponential  dependence  on  time.  Otherwise  Tn  would  be 
an  ‘effective’  or  average  response  time.  The  above  condition 
for  exponential  rise  and  decay  is  very  nearly  obeyed  in  the 
case  of  semiconductors  with  a  very  low  concentration  of 
traps,  where  the  response  time  t»  is  close  to  the  recombination 
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OPTICAL  AND  TRANSPORT  PROPERTIES  OF 
AMORPHOUS  SbjSe3* 

C.  WOOD,  2  HURYCH  mut  J.  C.  SHAFFLR 

Physics  l)cl>w  intent,  Non  hern  Illinois  University,  DcKalb. 

Illinois  60115,  V.S.A. 

The  optical  absorption,  relied ivity,  electrical  conductivity,  photo-conductivity,  and  photo- 
emission  have  been  studied  in  amorphous  Films  of  SbsSca.  The  films  were  prepand  by 
coevaporalion  thus  allowing  strict  control  of  composition.  Comparison  with  da  a  on 
SbiSe.a  single  crystals  show  marked  similarity  of  properties  and  in  particular,  show  that  the 
forbidden  energy  gap  values  closely  correspond.  Furthermore,  in  contrast  to  published 
data,  on  sinnl.tr  amorphous  systems  such  as  AssTea'),  the  structure  at  the  band  edges 
appears  to  lx1  quite  sharp,  thus  showing  no  evidence  of  a  mobility  gap. 

I.  Materials  preparation 

I'hroughout  the  work  described  in  this  contribution  the  intent  has  been 
to  compare  the  properties  of  amorphous  thin  lilms  of  nnliinony  selenidc  with 
crystalline  Sh,Sev  Much  ell'ori  has  been  made  to  ensure  that  the  composition 
of  the  hints  can  be  made  closely  approximate  to  that  of  the  crystal  and  that 
the  hints  are.  indeed,  amorphous. 

The  hints  were  prepared  by  the  technique  of  coevaporalion  onto  fused 
quart/  substrates.  Separate  quartz  crystal  oscillators  monitored  and  con¬ 
trolled  the  rates  of  deposition  of  Sb  evaporated  from  an  electron-beam  gun 
and  Se  from  a  resistance  healed  crucible.  Films  could  be  obtained  with  a 
variety  ol  compositions,  and  though  the  principal  interest  herein  is  with  films 
ol  composition  near  to  that  of  the  stoichiometric  crystal,  we  report  some 
results  on  other  samples. 

I  he  degree  ol  order  ol  these  films  has  been  checked  by  electron  diffraction -) 
and  the  stoichiometric  films  were  found  to  be  amorphous  to  the  resolution 
ol  this  technique  (  '20  A).  Mbssbauer  spectroscopy  has  been  carried  out:1) 
on  both  crystalline  and  amorphous  samples  and  indicates  that  the  short-range 
order  of  Sb  in  the  amorphous  films  dillers  from  that  in  the  crystals.  Differenti¬ 
al  thermal  analysis  ol  the  samples  allowed  a  determination  of  a  crystallization 

*  I  bis  research  WHS  supported  hu  the  Advanced  Research  Projects  Agency  of  the  Depart¬ 
ment  of  Defense  and  was  monitored  by  the  Army  Research  Otticc  Durham,  under  Contract 
No.  1 7-ARO-l 7-11-1 24-7 l-G It’. 
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temperature,  of  ~  180  °K;  however,  no  softening  temperature  (Tf)  has  been 
determined  due  to  the  small  mass  of  the  samples.  The  composition  of  the 
samples  has  been  determined  by  both  micro-probe  analysis  and  by  conven¬ 
tional  X-ray  emission  methods.  The  compositions  are  probably  accurate  to 
the  order  of  I  at",,. 

2.  The  energy  band  gap 

It  has  been  known  for  sonic  time  that  Sb,Se,  is  a  semiconducting  compound 
with  a  band  gap  1 .0—1 .2  eV  at  room  temperature4).  The  photoconductivity 
spectra  of  amorphous  and  polycrystalline  films  have  been  measured4)  and, 
from  the  threshold,  the  band  gap  of  the  amorphous  samples  was  found  to  be 
1.6  eV  and  that  of  the  polycrystalline  samples  1.3  eV.  As  will  be  pointed  out 
below,  these  results  arc  not  consistent  with  those  reported  here  and  may  be 
explained  by  compositional  deviations  in  the  samples  used  in  previous  work. 

In  fig.  I  the  absorption  constant,  determined  from  reflectivity  and  trans¬ 
mission  measurements,  of  a  thin  (250  A)  and  thick  (5.8  pm)  film  of  composi¬ 
tion  approximating  that  of  the  crystalline  material  is  compared  with  single 
crystal  data  using  unpolunzed  light,  Similar  data  for  an  Sb  excess  and  a  Se 
excess  film  are  also  displayed.  The  absorption  constant  in  the  region  of  the 
edge  shows  an  a1  dependence  on  photon  energy,  for  the  single  crystal. 
It  is  apparent  from  this  dependence  and  the  reflectivity  curves  that  the  transi¬ 
tion  giving  rise  to  the  edge  at  —  I .  I  eV  in  the  crystal  is  a  direct  one  with  a 
superimposed  indirect  tail5).  The  absorption  coefficient  for  the  amorphous 
films  exhibits  no  simple  relationship  with  energy. 


•  hv(i  V ) 

O 

Tig.  I.  The  optical  absorption  spectra  of  single  crystal  SbjSc:i  and  amorphous  films 

of  SbrSe,,. 
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The  resistivity  of  the  stoichiometric  amorphous  films  is  comparable  to  that 
ol  the  crystal.  Preliminary  values  of  the  thermal  activation  energies  computed 
from  the  slopes  of  the  resistivity  versus  temperature  curves  are  ~I.OeV 
and  ~0.5  eV  for  the  crystal  and  amorphous  films,  respectively.  The  former 
value  is  in  good  agreement  with  published  values8)  and  with  the  optical  data. 
For  the  li Inis,  a  value  of  approximately  onehalf  the  estimated  band  gap 
appear.-,  to  be  commonly  lound  for  amorphous  materials7). 
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Fit;.  2.  The  pholoconducling  spectral  response  of  single  crystal  S tv, Sen 
and  amorphous  films  Sb^Se„. 

In  tig.  2  the  photocurrent  response  spectra  of  a  crystalline  sample  and 
several  amorphous  films  or  different  compositions  Sb^Se,  are  shown.  The 
pholoconductive  activation  energy  (Aj)8)  of  the  crystalline  sample  and  for 
the  stoichiometric  amorohous  film  o"  composition  Sb2Se.,  are  l.l  cV  and 
1.3  eV,  respectively.  There  appears  to  be  no  evidence  of  band  tailing  in  the 
spectral  distribution  curves. 


3.  Visible  to  ultraviolet  optical  properties 

I  lie  near  normal  incidence  reflectivity  ol  the  natural  cleavage  plane  of 
Sb:Sc,  to  unpolari/ed  light  and  for  light  polarized  ||o  and  ||r  orientations  is 
shown  in  I  g.  3  for  the  spectral  region  0  eV  to  1 1.0  cV.  The  data  is  less  reliable 
in  the  unpolariz.d  light  case  because  of  a  wavelength-dependent  horizontal 
polarizing  component  in  the  Cary  14-R  spectrophotometer9).  The  data 
exhibits  a  broad  region  ol  high  reflectivity  extending  from  about  1.0  eV  to 
about  7.0  eV.  In  addition  much  individual  structure  associated  with  critical 
points  may  be  discerned  in  this  region  which  is  in  essential  agreement  with 
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the  data  ol  Shutov  ct  ul.s).  The  front  surface  reflectivity  of  an  amorphous  film 
ol  Sb2Se.„  5.8  pm  thick,  is  also  presented  in  fig.  3  over  the  same  spectral 
region.  For  the  particular  film  there  is  no  measurable  transmission  in  this 
range  and  therefore,  the  measured  reflectivity  can  be  compared  to  that  of  the 
bulk  single  crystal.  The  reflectivity  was  found  to  be  somewhat  lower  than 
that  of  the  single  crystal  in  agreement  with  results  on  other  amorphous 
materials1"). 

c'b>-3 

Unpolar^ed 
t  //a  axis 
flic  axis 


Crystul 


i 


10'  -  . .  -•  .  ^  _ , 

O  1  ;>  3  a  5  li  7  8  9  10  11 

hv  (eV) 

Fig.  .V  Near-normal  incidence  oplical  reflectivity  spectra  of 
single  crystal  and  amorphous  SbaSe:i. 

4.  Photocniission 

I  he  results  ol  some  preliminary  photocniission  measurements  are  presented 
m  tig.  4.  The  photoelectric  yield  ( Y)  and  the  energy  distribution  curves 
(F;DC)  of  pholoemitled  electrons  were  measured  and  compared  for  single 
ci  ystallinc  and  amorphous  Sb2Sc,.  The  measurements  were  performed  in 
vacuum  in  the  range  It)  10  torr.  The  single  crystals  were  cleaved  in  the  natural 
cleavage  plane  (  I  />)  in  situ.  The  amorphous  films  of  composition  Sb,Se, 
were  prepared  in  the  hclljar  apparatus  and  transferred  under  a  dry  inert 
atmosphere  to  the  photoemission  chamber  and,  therefore,  because  of  this 
exposure,  the  data  is  less  reliable.  The  chamber  is  being  modified  to  prepare 
the  films  in  situ. 

Hie  values  of  photoelectric  threshold  as  obtained  from  the  Y 1  versus  hv 
extrapolation  ")  were  5.7  eV  for  films  and  6.4  eV  for  crystals. 

From  the  FIX'  which  represent  the  joint  density  of  electronic  states 
(JIX)FS)  between  the  valence  and  conduction  bands,  an  attempt  was  made 
to  construct  the  effective  valence  and  conduction  band  density  of  states. 
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hit-  4  Photoemission  energy  distribution  Nili)  versus  energy  (f)  above  i he  lop  of  the 
valenee  band  of  single  crystal  and  amorphous  Sb-jScu. 


In  (lie  ease  of  the  amorphous  material,  the  JDOF.S  eon  Id  he  satisfactorily 
interpreted  in  terms  of  indirect  transitions,  i.c„  no  pronounced  dependence 
of  matrix  elements  on  k  (hut  possibly  a  dependence  on  liv),  for  photon 
energies  of  7  eV  to  1 1 .8  eV,  with  no  evidence  of  sharp  structure  in  the  valence 
or  conduction  band.  For  the  single  crystal,  direet  transitions  were  dominant 
together  with  slight  additional  structure  which  eould  be  explained  in  terms 
of  indirect  transitions,  with  constant  matrix  elements  due  probably  to  a 
localized  or  Hat  E  versus  k  band.  A  more  detailed  assignment  of  these 
transitions  at  present  is  a  difficult  task  as  the  band  structure  calculations  are 
not  available,  and  the  results  of  group  theory  selection  rules  have  been  applied 
so  far  only  to  the  region  of  the  interband  minimum,  which  is  inaccessible  to 
photoemission  measurements  due  to  the  work  function  of  investigated  ma¬ 
terials. 

5.  Conclusions 

In  summitry  we  find  marked  similarities  between  the  properties  of  single 
crystal  and  amorphous  Sh2Se,  and  little  evidence  of  extensive  band  tailing 
into  the  forbidden  band  gap  as  one  would  expect  to  lind  from  a  mobility  gap 
consideration. 
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l-SM-iiliallv  I  ho  complete  compositional  range  ol  (lie  amorphous  Sl>  So  syslom  has  boon  pro 
l-aro.l  in  lliin-l'ilni  loon  by  a  simple  evaporation  technique.  Optical  and  transport  pro|K>rlies 
have  boon  inoasnioil  as  a  lunolion  of  composition. 


I .  Introduction 

As  pointed  oni  in  a  previous  paper  1 1 1  considerable  care  is  required  in  the  pre- 
pariilion  ol  amorphous  materials  by  vacuum  evaporation  a  given  coniposilion  is 
desired  and.  I'm  (her.  dial  physical  properties,  e.g.  the  optical  energy  gap. change 
appreciably  as  a  Imicliou  of  composition.  It  is.  therefore.  ol  interest  In  investigate 
amorphous  systems  as  a  Imicliou  ol  a  wide  range  of  known  compositions  and  lo  eon- 
shucl  a  h  pc  ot  ‘phase  diagram*.  This  can  be  a  very  laboiious  pioccdnre  by  cunven- 
honal  me t In uls  and  the  pinpo.se  of  Ibis  paper  is  to  describe  a  method  whereby  such 
an  investigation  is  lacililalcd  and  lo  appl  .  (Ins  inelhod  lo  a  parlicular  amorphous 
s\  stem,  namely .  Sb  Sc  I  lie  basic  technique  has  been  employed  in  the  past  lo  pre- 
pare  ciy  slalline  liluis  |2.  3 1  and  composites  (4|  but  not.  lo  our  knowledge,  lo  pre¬ 
pare  amoi phous  liluis.  i  e  .  us  most  appropriate  use.  where  equilibrium  phase  dia- 
giants  aio  inapplicable. 


2.  ti.\|>eriuieutal  apparatus 

Hie  apparatus  is  very  similar  in  design  to  that  described  earlier  1 1  ] .  Sb  and  Sc  arc 
coevapiirniod  Irom  two  Airco  lc mescal  electron  beam  (liB)  guns  whose  relative 
ules  ofexapoiation  arc  c  nulled  by  two  Sloan  Omni  II A  rale  controllers*.  However. 

I  Ins  woik  was  supported  by  lltc  Advanced  Research  Projects  Agency  of  the  Doparhnonl  of 
I  Vtonso  and  was  iiioiiiloicd  by  ilio  Anny  Research  Office  under  ('niilracl  No.  DA  ARO  I) 

31  124  72  I.II.V  We  wish  also  In  acknowledge  financial  support  by  the  Conned  of  Deal)* 

i>l  Nnrihrrit  Illinois  (inivcrsiiv 
1  I’ooinoU*.  soo  nr\i  \ufcv. 
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QUARTZ  CRYSTAL  OSCILLATORS 
(WITH  COLLIMATING  TUBES) 


I'in-  t.  Co-evaporation  system. 

the  major  difference  between  systems  is  that  in  this  instance  the  EB  guns  are  widely 
separated  (diametrically  opposed)  in  the  bell-jar  and  the  substrate  holder  is  ~  14  in 
cm)  long,  i.c.,  nearly  equal  in  length  to  the  W  X  'A"  (1.27 cm  X  1 .27 cm)  dia¬ 
meter  of  the  bell-jar  (fig.  I ).  Thus  a  total  of  about  28  square  fused-quartz  substrates 
can  Ik  accommodated  in  a  holder  The  juxtaposition  of  one  end  of  the  substrate 
holder  to  one  crucible  and  its  remoteness  from  the  other  crucible  ensures  the  forma¬ 
tion  of  a  strong  composition  gradient  along  the  length  of  the  holder;  the  actual  value 
of  the  giadient  and  the  111  lickness  depends  on  the  density  of  Sb  and  Sc,  and  on 
the  height  of  the  holder  ah  e  the  crucibles. 

Onr  present  system  incorporates  two  such  holders  situated  at  different  heights 
above  the  crucibles,  clamped  on  the  copper  tubing  cooled  by  liquid  N2.  Hence,  for 
a  given  ratio  of  evaporation  rates  fioni  the  two  EB  guns  a  broad  sampling  of  compo¬ 
sitions  in  thick  films  is  obtained  in  the  lower  rack  and  a  smaller  compositional  gra- 

1  file  operation  ol  llieso  coni  rollers  has  been  greatly  improved  by  the  redesign  of  the  quartz  crys¬ 
tal  oscillator  by  Dr.  I).t\  Newell  of  tire  Industry  and  Technology  Department,  N.I.U. 
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dient  about  the  composition  ratio  of  interest  is  obtained  in  thin  films  from  the  upper 
rack.  Furthermore,  the  substrates  can  be  held  at  temperatures  between  liquid  N2 
and  room  temperature. 

3.  Film  preparation 

In  this  experiment  the  evaporations  were  carried  out  in  a  pressure  of  ~  I0“7  mm 
Hg.  or  lower,  and  the  ratio  of  evaporation  rates  (A/sec)  for  Sb:Sc  was  chosen  to  be 
1.0,  thus  SbiSe-i  occurred  near  the  center  of  the  substrate  holder.  The  substrates 
were  held  at  room  temperature  throughout  the  evaporation.  The  compositions  of 
selected  films  were  determined  by  electron  microprobe  analysis  and  are  plotted  in 
fig.  2. 

A  theoretical  plot  of  film  thickness  (/)  and  composition  (/'),  where /  is  the  al  % 

Se  al  point  r,  lor  the  lower  and  up|ici  substrate  racks  is  also  shown  in  fig.  2.  A  best 
fit  to  the  experimental  thickness  data  was  obtained  assuming  an  Sb:Se  rate  ratio 


l  ie-  2.  theoretical  curves  of  composition  (O  and  film  tNckncss  (T)  versus  film  position  in  upper 
(l1)  amt  lower  (t  )  substrate  holders,  (x)-fi-probc  data,  (o)-thickncsses  determined  by  interfero¬ 
metry. 
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(VVsi'  W*> "  7  <•'  I  0.  Tliosc  curves  were  plotted  usi.if.  the  equations* 


'ShStf  '(;,)•  •  +  'ns..  I  •  (‘V)’j  ’• 


4=  < 

Sh^Sh  V  +  r2/ 


Wh0,.C  '"'So-  '"-St.  are  ,lu'  ,llick"csscs directly  above  the  respective  sources;/!,  Acu 
i'nd  ns'.h'T'  7,*'?!"  y"d  a",imo  'V 'd  "  "lc  scPyralion  of  the  Sources; 

:rh  1  °  -  < 17  *"»>  -  * . ...  o.  i ...  w.Ly  CwXmz* 

K  •lssl""l'"«'"  <>'  cosine  distribution  from  each  J  in  diameter  source.  At  low  eva- 
rfJ . r-  '  '1  ^  such  as  used  in  ..^experiment,  this  appear  to  £ a 

h  ,C,r"' . "rm-  |5'  '"a.  „  high  ,,1  ofevap^a- 

in  Iron,  I.B  puns  a  virtual  source  exists  and.  therefore,  the  source  position  andTva- 
por.il ion  distribution  are  rale  dependent. 

is  shble  o1dvb';'.h  ClC,mC"'S  C:l"  bCfprC',arcd  in  ,he  amorphous  form,  amorphous  Sb 
-o'  A  n  r  ,  ",pCfal,,n?  f‘'r,thick  filn,s  micro"‘)  «  ^  very  thin  films 
„  '  .  7.  '  r°°m  ,C"'7ra‘urc  If*.  7|  X-ray  diffraction  measurements  showed  that 
t.  ei  |i  ic  extremely  Sb-ncli  films  were  amorphous  in  the  present  experiment 

Mdil'm  n,  TV,"  ?  2 1"  ",C  comPos",on  curve  of  the  lower  substrate 
i  i  "C  "S  houndyry  appeared  to  be  amorphous  initially  but  crys- 

•i  i/cd  on  standing  lor  a  period  of  approximately  one  week.  An  indication  of  thiT 
trails  ormulinii  was  firs,  noticed  optically  by  the  initial  appearance  of  infra-, 3d  op- 
tij.d  transnussio"  and  , rausinissioi.  interference  fringes  and  their  later  disappearance 
Tin.  transformation  was  verified  by  X-ray  diffraction. 


4.  Optical  measurements 

In  o.do.  to  survey  the  optical  properties  of  the  films  as  a  function  of  composition 

*  .  i  v  .dtciiiate  substia.e  ...  the  sequence  in  the  holder  was  selected  for  measurement 

. . — »'c  o„.y ■  i  w^tri* ' 

(  r  'VT  CM,;'r ",C  CO,,,Posi'i‘’"  l^ient.  was  measured. 

A  ary  4  K  spectrophotometer  with  a  Strong  |8|  reflect  ince  attachment  was 

7'  "  "'"V’  'ri",s,,,i";l"cc(7’)and  reflectance  (R)  measurements  Since  the 

-  ms  " ere  deposited  on  (used-quartz  substrates,  true  R's  and  T's  for  *b-  films  were 

*  a.ued  I, on.  obscivcd  values  Rm  and  70tw  by  using  the  following  equations  [9 

I0|  (without  a  substrate  in  the  reference  beam):  1 

*  «, nations  are  esse,,., ally  ,,«•  same  as  ,n  ref  |4|  but  expressed  in  terms  of  atomic  weigh,,. 
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l\rj  I  1<\K) 

(I  R\)  ' 

U  *  S 

"l"  (I  R\R[)  ' 


(3) 

(4) 


whole  R\  Mu'  re ilci'i mice  ;il  the  substrate  Him  interface  was  assumed  to  be  '  Rt) bs. 
Rs  =  (l  »s)-(l  +  rrs>  -  and  the  refractive  index  of  Ihe  substrate  ns  *  1.43 
The  absorpiion  cocflicieiii  (a)  was  calculaled  by  computer  programming  the 
lliiid-ilcgii'i'  i'(|iialiou  oblained  by  elimiualing  lie  front  surface  reflectivity,  r  fiorn 
I  lie  ci|ii;il  ions: 


l<  r(  I  i  /e  "'I. 


«*> 


i  e.. 


(c 


(7) 


fliesc  i’(|iialioiis  are  valid  only  if  the  multiple-reflected  rays  arc  incoherent;  and 
were  applied  only  in  the  range  where  interference  fringes  were  not  observed  The 
short  wavelength  limit  of  the  measured  spectral  range  was  set  by  the  automatic  slit 
width  of  the  Cary  14  R  spectrophotometer  reaching  the  fully-open  position.  Sample 
thicknesses.  /,  were  determined  by  multiple  interference  of  reflected  lightning  a 
microscope  fitted  with  a  Watson  interference  objective.  The  refractive  and  absorp¬ 
tion  indice  ii  and  k.  were  calculated  from  (he  equations 


o  = 


4rrA 

X 


r  = 


0/  I )’  ♦  A-- 
(//  HI-  U- 


<«) 


llic  absoipliou  edges  weie  found  lo  obey  the  relation  lor  uon-diiecl  liausilions  1 1 1, 


alw  =  IH  lw  /,.!•.  (')) 

showing  conservation  ol  eneigy  but  not  crystal  iiioiucuiiim.  If  Ihe  intercepts  of  the 
extrapolated  ctiives  in  fig.  t  are  taken  as  the  values  of  the  optical  energy  gapl/.^l 
then  one  finds  a  I leincndoiis  variation  in  from  ~  I.*)  eV  to  ~0  4  eV  on  increasing 
iheSh  Si*  i  alio.  Corresponding  values  for  R  ra^ed  from  I O^1  lo  2  X  I05cnt  1  eV  1 
( table  1 1 
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I  II'.  4  S'  li.irc  ul  icIm'Iivc  miles  I//I  versus  si|njtc  of  w.i vclcilf.l Ii  I  A).  l.\|H-rmiont;il  (Sample  1,13) 
)  \ )  »  i  .it*.  "I  ll'  ll  limn  ci|\  I  /  I  .mil  1 8).  I  A)  n  tlclcrinntcil  Irmn  nitrile  mire  inasmia  mid  miniiiM, 
*'*l  **  *1  I  liemelli  .il  I")  n  pencr.tlcil  Irmn  ei|  I  Itll,  l*»)  r#  ilelcriinneil  from  interference  iiiaxiuia 
.mil  iiiiiiiin.i  I'.enerjtcd  Irmn  A  heirs i'i|n.i(imiv 


hlil  =  iii\,  ill  -  X,/(X|  X2).  (|  3) 

A  plot  ol  n-  versus  lor  a  typical  film  is  shown  in  fig.  4  Extrapolations  of  the 
airves  in  to  -  «■  and  to  »  0  yield  values  (table  ?)  for  the  high  frequency  (e_)  and 
low  frequency  (cn )  dielectric  constants,  respectively,  as  shown  by  eqs.  (II)  and(  1 2). 
The  high  frequency  values  are  not  very  reliable  b^ansc  of  the  limited  range  of  ex¬ 
perimental  values  of n 


I  a  Mr  2 

I  Ill’ll  •*  •••*  •M,»l  lm*  l<  n>  frci|iicncy  dielectric  constants  oh  I  lined  from  extrapolation  of  curves  in 

li>:.  4 


S.iriipk* 

<  ii 

1  DO 

I  25 

5.8 

12.3 

l  l‘i 

7.2 

13.75 

1  13 

12.8 

33.5 

1  7 

2(1.7 
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Asc.in  he  seen  from  fig,  4.  ;i  considerable  error  is  introduced  in  (lie  high  frequency 
"'Ri""  if  11,0  "  V;,I,K'X  determined  from  interference  fringes  are  used  lor  t|K  cxira.mla- 
non.  as  employed  try  Cl.andhari  el  al.  1 14| .  This  is  f.irlhci  illustrated  by  (he  plot  in 
!(g.  4  ol  theoretical  values  of  «.  determined  from  cq.  ( 10)  for  w()  =  VO  X  I05  see  ' 
and^-  I  sx  I0,4sec  1 .  Using  the  same  values  of  n  and  k  in  Abclbs  equations  1 1 5| 
interference  fringes  were  generated  and  th,  values  of  n  determined  from  the  positions 
of  the  maxima  and  minima  (eq.  ( 1 3))  were  plotted.  The  two  theoretical  curves  are 
seen  to  diverge  considerably  at  high  frequencies  as  is  observed  experimen'ally. 

One  cannot  determine  the  free-carrier  relaxation  time  a  rd,  hence,  the  charge  car- 
ncr  niobihty.  from  the  intersection  of  these  two  regions,  zi  suggested  by  Chaudhari 
et  al  |14|.  For  l.igh-rcsistivity  materials  with  very  low  free-carrier  concentrations, 
such  as  discussed  here  and  in  ref.  1 14] .  the  dispersion  of  the  refractive  index  is  due 
loan  absorption  band,  mil  free  carriers  as  they  supposed  The  lack  of  absorption  at 
h  og  wavelengths  is  confirmalk  1  that  wo  are  not  dealing  with  dispersion  due  to  free 
cliai£c  carriers  in  cillicr  the  In  *  t  or  low  optical  frequency  range. 


5.  Conductivity  measurements 

Alternating  in  the  holder  with  the  substrates  for  optical  measurements  were  sub¬ 
strates  which  were  electroded  for  conductivity  measurements.  The  electrodes  con¬ 
sisted  ol  lour  strips  of  baked-on  liquid-bright  platinum.  After  film  dcpo.’ik  n  these 
substrates  were  clamped  to  a  copper-block  inside  a  copper  radiation-shield  attached 
0  the  cold- finger  of  an  Air-Products  Cryotip  Dewar.  Contact  was  made  to  the  pla¬ 
tinum  by  phosphor  bronze  strips. 

Up  to  I013  ohms  the  resistances  were  measured  by  passing  a  known  dc  current 
through  the  outer  two  electrodes  and,  with  a  KeithJey  604  Differential  Electrometer 
(input  impedence  1 0  ohms),  measuring  the  voltage  drop  across  the  inner  two  elec- 

°^!jP*Cu  Ar,y  P°tential  barrier  effects  at  contacts  were  thus 

avoided.  Above  10  ohms  the  resistances  were  determined  from  tb'  current  flowing 
with  500  V  applied  across  two  electrodes.  In  films  where  the  resistance  variation 
with  temperature  required  both  two  and  four-probe  measurements  tna  versus  \/T 
curves  coincided  shoving  that  contact  potential  harriers  could  be  ignored.  For  films 
Ol  greater  than  10'  ohms  resistance,  i.c..  films  with  >  R0  at  %  Sc.  a  sandwich  elec¬ 
trode  structure  was  used.  Teflon  insulation  was  used  throughout.  The  apparatus  was 
calibrated  with  a  series  of  standard  resistances  of  up  to  I  O' 3  ohms.  The  temperature 
ot  the  film  was  measured  hy  attaching  a  calibrated  chromcl-  constantan  thermo 
couple  to  the  film  side  ol  the  substrate.  The  resistance  was  monitored  both  in  <  ie 
cooing  and  warming  cycle.  If  sufficient  time  was  allowed  lor  the  films  to  come  to 
tempcratuic  equ.ltbrium  these  curves  comcidcd.  The  warming  cycle  had  the  slowest 
rate  orchange  and  generally  was  used  for  analysis.  No  hysteresis  was  observed  be¬ 
tween  repeated  cycles. 

The  results  of  these  measurements  are  plotted  in  fig.  5.  The  activation  energies 
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Fig.  5.  I'lcilrieat  cunduclivily  (o)  versus  reciprocal  of  ibsolule  lemperalure  (T). 
were  delermineu  from  a  least-squares  fit  to  the  equation: 

o  =  o0exp^  O4) 

For  conduction  it;  e.  te  ided  states  At'  represents  the  energy  difference  between  the 
Fermi  energy  (F.  j  )  ana  the  majority  carrier  band  edge  (e.g.  the  vrlence  band  edge, 

/;v).  For  intrinsic  ecu  due  t  ion  the  Fermi  level  ii  elo«c  to  the  ccr  _r  of  the  forbidden 
band  and  consequently  AF.'=  Vi |  I6| .  If  we  assume  AH  to  F  1  linear  function  of 
temperature 

AH  =  Al\0  yT.  05) 

then  tiic  activation  energies  obtained  from  the  plots  in  fig.  5  are  the  extrapolated 
values (AA’0)  fo  T=  OK  and  not  the  actual  values  of  AE  at  T-  0  [1 1,  17] . 

The  pre-expon.*ntial  term,  o0,  includes  the  charge  carrier  mobility  and  density  of 
stales  and  can  be  shown  to  be  nearly  invariant  with  respect  to  temperature  for  both 
conventional  acoustic- mode  lattice  scattering  in  crystals  and  diffusive-type  mobility 
1 1 1 .  1 8|  developed  for  disordered  materials.  Generally,  Oq  is  not  strongly  temperature 
dependent  compared  to  the  exponential  term  in  eq.  (14)  and  is  expected  to  lie  in  the 
range  I0J  l  IQ1  ohm  1  cm  1  (ll|. 
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If  the  charge  carriers  are  excited  into  localized  states  at  the  band  edges  the:.  A E  * 
A’,.  /:’||  +  .  where  AIVj  is  the  activation  energy  for  hopping  conduction  and 

(lie  localized  stales  occupy  the  energy  range  A'y  |  1 1 1 .  Mere,  o(l  is  expected  to 
bc'-IO  -  to  10  ohm  'em  1  1 1 1 1 .  A  straight  line  can  be  obtained  on  a  .fno  ver¬ 
sus  I  IT  plot  if  the  mobility  does  not  vary  rapidly  between  and  k'y. 

If  hopping  conduction  occurs  between  localized  states  near  the  Fermi  energy  then 
A£'  =  AH',  ~  Zi  width  of  the  defect  band  { 1 1) .  Again,  a  straight  line  Zno  versus  I  IT 
plot  can  be  obtained,  with  o0  £  I0~2  ohm  1  cm'*,  if  hopping  is  between  nearest 
neighbors.  Otherwise, 

(m  =  A  &T  </4.  (16) 

It  is  seen  in  fig.  S  that  all  but  the  extremely  Sb-rich  films  yield  a  straight  line  on 
the  f  no  versus  \  jT  plot.  Values  of  o(,  exp(y/A),  obtained  by  extrapolating  the  cur¬ 
ves  to  l/7'=  0  were  found  to  be  ~l  0*  olini  *  ■  cm  *  on  the  Sb-rich  of  Sb2Scj  and 
then  to  progressively  decrease  to  ~  lOohm  1  -cm  1  with  increasing  Sc  content  (c.f. 
tig.  8)  The  extreme  Sb-rich  films  weie  cry.\!;:IIHc  and  showed  metallic  conductivity. 
The  low  temperature  region  of  the  £m»  versus  i/Tplot  for  the  film  lying  just  on  the 
amorphous  side  of  the  phase  boundary,  showed  some  curvature  which  would  be 
filled  to  the  form  of  eq.  ( 16).  However,  an  estimate  of  the  density  of  states  from 
H'  *  2|aV*A,(/f|:)|  ^4  yielded  an  unrealistic  value  of  N(Ep)  ~  I042  eV_l  cm  '3 
and  so  cannot  be  interpreted  straightforwardly  in  terms  of  the  Mott  model.  Anneal¬ 
ing  to  produce  an  ac„  rptable  density  of  states  value  [19)  could  not  be  employed 
here  because  of  the  propensity  to  crystallization. 


6.  Thermoelectric  measurements 

The  Seebeck  coefficient  (S)  was  measured  on  a  number  of  the  films  used  for  re¬ 
sistivity  measurements  in  an  attempt  to  determine  the  position  of  the  Fermi  level. 

Several  choices  of  expressions  for  Seebeck  coefficient  are  available  for  amorphous 
semiconductors  1 1 1 1 .  If  the  current  Is  carried  primarily  by  electrons  (or  holes)  in 
the  vicinity  of  the  Fermi  energy  (/st.)  then: 


An  equation  of  this  general  form  is  applicable  to  hopping  conductivity  and,  for  ex¬ 
ample,  to  a  half-filled  impurity  or  defect  band. 

For  a  one-carrier  non-degenerate  system  in  which  a  mean  free  path  (/,)  can  be 
defined: 
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wh;re  A E  -  £p  -  Ay,  is  (he  en:rgy  difference  between  the  Fermi  energy  and  the 
band  edge  in  which  conduction  is  taking  place,  i.e.  conduction  or  valence  band,  and 
as  mentioned  above,  is  temperature  dependent,  e.g.  eq.  (15).  The  constant^  may 
take  on  various  values  depending  on  the  energy  dependence  of  the  charge-carrier 
relaxation  time,  e.g.  A  *  2  for  acoustical-mode  lattice  scattering  [20] .  If  a  mean  free 
path  cannot  be  defined,  i.e.  L  <  the  lattice  spacing,  and  the  energy  dependence  of 
the  density  of  states  (and,  hence,  the  <.  inductivity'  is  assumed  to  be  linear  then 
A  =  (I  +  terms  of  order  T). 

For  a  two-carrier  system  the  individual  contributions  of  electrons  (e)  and  holes 
(h)  to  the  Seebcck  coefficient  are  subtractive  [21  ] : 


,St  +  ohS, 
e  ~+~° 


(19) 


In  the  intrinsic  conductivity  range  where  the  electron  and  hole  concentrations  are 
equal 


S  - 


k  b  I 
v  h  +  I 


[ 


(20) 


where  />  =  pv/plr  Hie  ratio  of  electron  to  hole  mobility. 


Pt  Electrodes 


tig-  6.  Diagrat.i  of  ctcclrodrd  substrate  showing  soring  contacts  for  Ihermoemf  measurements. 
Spring  contacts,  without  teflon  discs.  w<.rc  used  for  electrical  conductivity  measurements. 
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In  the  experimental  arrangement  a  Pt  wire  and  a  chromel -cons  tan  tan  thermo- 
coupled  were  pressed  into  contact  with  two  of  the  platinum  electrodes  cn  the  sub¬ 
strate  using  teflon  discs  attached  to  phosphor-bronze  strips  (fig.  6).  A  Keithley  604 
differential  voltmeter  was  connected  to  the  platinum  leads  to  measure  the  Seebeck 
voltage  across  the  film  and  then  to  the  two  thermocouples,  connected  differentially 
to  measure  the  temperature  gradient.  A  temperature  gradient  of  ~  5°C,  near  room 
temperature,  was  established  in  the  films  perpendicular  to  the  platinum  electrodes 
by  placing  the  substrate  on  a  half-copper,  half-teflon  heatsink  (fig.  6)  and  heating 
the  copper  by  a  hot  plate.  In  a  separate  experiment  a  Pt>  film  was  evaporated  onto 
a  Pt-clcctroded  substrate  and  the  absolute  Seebeck  coefficient  of  the  electrodes  was 
determined  to  be  2fiV/°C  with  constantan  leads. 

Values  of  S  for  various  films  are  plotted  against  composition  in  fig.  7.  All  values 
were  positive  showing  the  majority  cairicrs  to  be  holes.  Since  for  most  films  there 
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Fif.  7.  Room  temperature  Sccbect  coefficient  versus  film  composition,  (x)  constantan  or  (o) 
platinum  leads  to  sample 
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was  no  evidence  of  impurity  or  defect  band  conductivity,  either  from  the  tempera¬ 
ture  dependence  of  the  conductivity  or  from  the  magnitude  of  o0,  eq.  (17)  was  re¬ 
jected.  Values  for  A EQ  obtained  from  eq.  (18),  for  any  reasonable  assumed  value  for 
•4  and  y.  could  not  be  reconciled  with  the  AE0  values  obtained  from  Ino  versus  1  IT 
curves.  We  were,  therefore,  forced  to  conclude  that  eq.  ( 19)  is  applicable,  i.e.,  the 
Fermi  level  is  fixed  near  the  middle  of  tire  energy  gap  and  both  holes  and  electrons 
are  contributing  to  the  See  beck  coefficient.  If  we  assume  that  the  Fermi  level  is  in 
the  middle  of  the  gap  for  Sb2Se3,  i.e.,  intrinsic  conductivity,  and  substitute  in  eq. 
(20)  the  value  for  A E0  from  the  f  no  versus  ( 1/7*)  data,  putting  A  =  I  and  7  = 

.3.5  X  10  *  eVf(\  wc  can  compute  a  value  for  b  of  0..39. 


7.  Discussion 

Attention  has  been  drawn  to  the  importance  of  annealing  or  depositing  amorphous 
films  near  the  crystallization  temperature.  Tc.  to  obtain  reliable  optical  and  conduc¬ 
tivity  data  1 22  24|  .Sb-Sc  films  cannot  be  annealed  because  of  the  tendency  to 
cryslalli/c.  Amorphous  Sb  films,  of  thickness  >  I03  A.  crystallize  well  below  room 
temperature  and  amorphous  Sc  crystallizes  at  ~  I00°(\  The  highest  7;.  reported  for 
this  system  was  I70‘  ('  at  the  composition  Sb2Sc3  |25|  Because  of  the  slow  deposi¬ 
tion  rales  (~  2  A/scc),  the  high  vacuum  (~  10  7  mm  Mg),  and  the  proximity  of  the 
substrate  temperature  during  deposition  to  7"t..  it  was  thought  unlikely  that  further 
annealing  would  produce  changes  in  film  structure,  while  still  remaining  amorphous. 

From  straight-line  slopes  of  the  f  no  versus  1/7' curves  it  is  evident  that  the  Fermi 
level  is  piimcd  in  the  gap  Wc  cannot  say  whether  this  is  due  to  a  high  local  density 
of  defect  stales  in  the  gap  as  envisaged  by  Davis  and  Mott  |2(»|  or  to  a  charge  neu¬ 
trality  condition  involving  localized  stales  tailing  into  the  gap  and  overlapping,  i.e., 
the  t  FO  model  1 27| .  Although  the  Fermi  energy  could  not  be  determined  unam¬ 
biguously  by  Ihernitvcmf  measurements  (the  low  Scebeck  coefficient  values  clearly 
indicate  a  iwo-earricr  mode  of  conduction)  the  results  suggest  that  it  is  located  near 
the  middle  of  tha  gap. 

The  optical  gap  (A'p)  at  room  temperature  and  the  thermal  activation  energy  (Mq) 
are  shown  in  fig.  8  as  a  (unction  of  composition.  A  break  in  both  curves  occurs  in  the 
vicinity  of  Sb»Sc,.  At  this  composition  2AA'0  ~  E^O)  where  E^O)  is  the  value  of 
/•^  extrapolated  to  OK  1 28|  Irom  which  we  might  infer  a  symmetrical  distribution 
ot  stales  with  the  Fermi  level  pinned  near  the  center  of  the  gap.  Since  AT:' strictly  re¬ 
presents  the  diffcieticc  between  the  Fermi  level  and  the  valence-band  edge,  no  great 
importance  should  Ik-  attached  to  the  fact  that  2AA  >  E  at  high  Sb  concentrations 
or «  E%  at  high  Sc  concentrations.  One  cannot  justifiably  assume  that  the  difference 
between  2A/i  aml  Ef  represents  the  energy  spread  of  the  localized  levels  at  the  band 
edge  as  supp  wed  by  Wciscr  and  Brodsky  1 2‘>|  for  amorphous  As2Te3  ( where 
2A/-:  v.  /ij,)  or  by  Cliandhari  ct  si.  1 14|  for  amorphous  3As2Sej  2Sb2Sc3  dims 
(wlieie  2A E>Ep).  Possible  rcaststs  for  this  difference  are: 
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Fig.  8.  Optical  (o)  and  thermal  (x)  activation  energies  as  a  function  oi  Him  composition. 

(i)  the  Fermi  level  may  be  fixed  away  from  the  middle  of  the  gap  either  by  a 
high  density  of  defect  (or  impurity)  states  126)  or  by  a  different  energy  distribution 
of  localized  states  tailing  into  the  gap  [27] ; 

(ii)  the  value  of  A£0  obtained  from  the  tno  versus  (1/7')  curves  represents  the 
extrapolated  value  to  absolute  zero  assuming  a  lini'r  variation  'co.islant  y)  of  M' 
with  temperature,  which  is  not  generally  equal  to  the  trut  values  of  A£  at  absolute 
zero  [II,  17] ; 

(iii)  the  optical  energy  gap  is  difficult  to  define  since  the  lower  part  of  the  absorp¬ 
tion  edge  is  generally  exponential  with  hv  and  of  uncertain  origin  [11]  (dors  not 
obey  Urbach’s  rule)  and,  at  higher  photon  energies,  o'jeys  a  power  law  of  the  form 

a hv  <*  (hv  F^Y1  where  0.5  <  n  <  3,  which,  depending  on  the  assumptions  used  in 
the  derivation,  will  give  a  different  meaning  to  the  value  of  as  determined  by  ex¬ 
trapolation; 

(iv)  the  variation  of  the  optical  gap  between  absolute  zero  and  room  tempera¬ 
ture  is  generally  assumed  linear  for  comparison  with  A£',  which  is  rarely  the  case; 

(v)  the  demarcation  between  localized  and  non-localized  states  at  the  band  edges 
is  not  clearly  defined  and  depends  to  some  extent  on  the  localized  state’s  distribution 
in  energy  111]. 

Values  of  o0  exp (7/*)  ~  1 03  ohm  1  •  cm- 1  are  found  for  compositions  on  the 
Sb-rich  side  of  Sb2Se3.  On  the  S«-rich  side  the  values  steadily  decrease  to  ~  10 
ohm  “ 1  •  cm" 1 .  Assuming  an  average  value  of  60  for  exp(7/dc)  (i.e.,  the  value  obtained 
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from  optical  measurements  for  amorphous  Sb2Sej  between  200K  and  300K)  [29] 
for  all  compositions  then  (he  magnitude  of  o 0  suggests  conduction  in  extended 
states  tor  the  Sb-ridt  films  and  conduction  in  localized  states  at  the  band  edges  for 
the  Se-rieh  films. 

The  optical  data  showed  an  expected  increase  in  the  high  (e„)  and  low  frequency 
(c„)  dielectric  constants,  with  increasing  Sb  (metallic-bonding)  content.  Absorption 
coefficients  (q)  ranged  from  I02  to  10s  cm  ~  *  for  the  particular  experimental  condi- 
tions(film  thickness,  spectrometer  sensitivity,  etc.)  and  fitted  well  to  an  (a/u>)’/2 
versus  hv  relationship  for  non-dircct  transitions  showing  the  Jk-conscrvation  selection 
mlc  is  relaxed.  An  exponential  tail  was  not  observed  or  expected  for  these  high  ab¬ 
sorption  constants.  The  slope  (B)  of  the  curves  showed  a  steady  increase  with  increas¬ 
ing  Se-content 

Davis  and  Moll  |2(i|  have  shown  that  B  can  be  related  to  the  energy  spread  (A£( ) 
in  localized  stales  at  the  band  edge  by 


«  = 


4*",» 

r/ou'  | 


(21) 


where  it  is  assumed  that  the  optical  transitions  arc  occurring  between  extended  and 
the  localized  states  and  that  o  (  ~  Table  I  lists  the  values  of  AA  (  calculated 
from  the  slopes  assuming  exp (ylk)  =  (>0.  It  can  be  seen  that  the  values  are  very  small 
~  It)  2  to  10  4  eV  with  a  mimimim  near  80  at  %  Sc.  However,  when  o„  drops  much 
below  a  value  ~  It)2  ohm  1  cm  1 .  it  can  no  longer  be  assumed  to  be  ~oopl  and  cq. 
( 21)  cannot  lie  used  to  determined  a  value  of  AA',.  The  small  values  of  o0  at  high  Se 
content  may  suggest  that  conduction  occurs  by  hopping  in  localized  states,  and  that 
tlic  values  we  calculate  for  AA‘,  are  not  significant,  but  this  is  pare  conjecture.  A 
second  difficulty  arises  namely,  that  even  in  the  range  of  high  r0  the  values  obtained 
for  AA|  are  very  much  smaller  than  the  photon  energy  nnge  (>  several  tenths  eV) 
over  which  cq.  I1))  applies. 

We  arc  forced  to  conclude  that  the  assumption  of  parabolic  bands  used  by  Tauc 
[12]  in  the  derivation  of  eq.  (9)  is  more  applicable  to  our  films,  that  there  is  no  evi¬ 
dence  of  appreciable  band  tailing,  i.e.  the  band  edges  are  fairly  sharp,  and  the  low 
values  of  a(1  at  high  Se  concentrations  are  the  result  of  a  low  diffusion-type  mobility 
in  extended  states  rather  than  hopping  in  localized  stales.  Cohen  [  18]  has  e-’imated 
that  this  Brownian-motion  coiuhictivi'v  extends  from  ~  5  cm2/V  sec  down  to  10  2 
cnt’/V  sec  which,  coupled  with  the  .ncrcasing  gap  with  Se-content,  would  well  en¬ 
compass  the  range  of  conductivities  encountered  in  our  films. 

further  suppott  for  these  conclusions  is  given  by  a  comparison  of  conduction  in 
amorphous  Sb2Se^  and  conduction  in  a  single  crystal  of  intrinsic  |3()| .  Be¬ 

tween  BX)K  and  ItX)  K.  the  conductivity  in  the  r  -direction  of  the  single  crystal  was 
chniuclerizcd  hy  an  activation  energy  of  0.63  eV  with  o()  ~  33  ohm  1  cm  1  and  o 
(room  temp)  3  X  It)  *  ohm  1  cm  1 .  This  compares  with  the  amorphous  film  of 
ShjSoj,  which  has  an  ae'ivnlion  energy  of  0.625  eV.  o((  ~  1 2 ohm  1  cm  1  and  o 


C.  Woodttal,  The  amorphoui  Sb-Se  syttem 


311 


(room  temp)  ~  2  X  10-8  ohm-1  •  cm-1  and  shows  that  the  mobility  is  comparable 
in  both  phases.  Furthermore,  assuming  ‘intrinsic’  conduction  for  the  amorphous 
Sb2Se  j  film,  the  mobility  ratio,  b,  from  eq.  (20)  was  found  to  be  very  close  to  the 
value  of}  determined  by  Blacketal.  (31)  for  a  single  crystal  of  Sb2Se3.  Black  etal. 
(3i )  estimeted  the  hole  mobility  in  crystalline  Sb2Se3  to  be  approximately  45 
(mo/memh)3/4.  Optical  absorption  (32)  and  photoconductive  spectrai  response  (33) 
measurements  on  tingle  crystal  and  amorpf  out  Sb2Se3  show  almost  identical  values 
for  the  energy  gap,  again  showing  the  properties  of  the  two  phases  are  remarkably 
similar8. 

The  continuous  change  in  energy  gap  and  conductivi*y  with  composition  lends 
support  to  the  view  that  foreign  atoms  incorporated  in  an  amorphous  solid  tend  to 
satisfy  their  valency  requirements  rather  than  act  as  donor  or  acceptor  impurities. 

Sb,  when  added  to  amorphous  Se,  probably  reduces  the  Se8  ring  concentration  (as 
with  As)  (35)  and  acts  as  a  branching  or  cross-linking  agent  between  the  Se  linear 
polymer  chains,  replacing  the  weak  bonds  between  chains  with  stronger  covalent 
bonds.  The  fact  that  the  addition  of  Sb  reduced  the  glass-forming  capability  of  Se 
(36)  from  the  melt  is  more  related  to  modification  of  the  coordination  (it  becoming 
more  metallic)  in  the  melt  than  to  cross-linking  in  the  solid.  Amorphous  Sb2Se3  has 
a  higher  crystallization  temperature  than  amorphous  Se.  The  peak  in  optical  energy 
gap  occurring  at  Sb2Se3  could  be  associated  with  an  ordering  in  the  amorphous 
phase  into  molecular  units  corresponding  to  the  crystalline  form;  but  this  is  not  sup¬ 
ported  by  Mossbauer  [37]  or  electron  diffraction  studies  [38] . 

The  following  hypothesis  based  on  a  chemical  bonding  model  is  advanced  to  ac¬ 
count  for  the  tremendous  variation  of  energy  gap  with  ermposition.  The  valence 
band  in  undoped  amorphous  Se  is  assumed  to  arise  from  the  non-bonding  (ione-pair) 
4p  states  and  the  conduction  band  from  anti-bonding  a*  states  arismg  from  p-orbitals 
[39] .  From  the  relative  energy  positions  of  the  molecular  states  of  Sb  and  Se,  the 
addition  of  Sb  to  Se  would  provide  unoccupied  Sb  o*  (anti-bonding)  states  just  be¬ 
low  the  Se  o*  conduction  band  and  Sb  o  (bonding)  states  beiow  the  Se  (non-bonding 
or  ione-pair)  valence  band  [40] .  However,  Sb-Se  bonds  will  be  formed  which  wiii 
probably  be  of  the  resonating  p-type.  At  low  concentrations  of  Sb,  these  bonds  wiii 
create  localized  o*  states  below  the  Se  c*  band.  At  higher  concentrations  of  Sb  the 
states  wiii  become  delocalized  and  form  the  conduction  band  and.  in  addition,  the 
valence  band  wiii  probably  take  on  a  resonating  p-state  character,  first  produc  ng  lo¬ 
calized  and  then  delocalized  states,  as  the  composition  Sb2Se3  is  approached.  The  gen¬ 
eral  overlap  of  the  states  and  the  consequent  broadening  of  the  bands  would  account 
for  the  decrease  of  optical  activation  energy  between  pure  Se  and  Sb2Se3.  A  further  in¬ 
crease  in  Sb  concentration  would  resuit  in  its  domination  of  the  band  structure,  and 
particularly  the  interaction  of  theSh  5d  orbitals,  which  at  very  high  Sb  concentrations 
would  produce  appreciable  overlap  into  the  energy  gap.  Near  pure  Sb,  these  orbitals 


*  Switching  hit  alio  been  observed  In  both  amorphous  and  crystalline  phases  of  SbjSe3,  cf  ref 
|3<1 
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would  be  depressed  Into  the  vtlence  bend,  causing  the  conductivity  to  be  metallic 
upon  crystallization. 

An  added  reason  for  the  decrease  in  oand-gap  with  Sb  concentration  could  be  due 
to  the  effect  of  compositional  disorder  [40] .  Lone-pair  electrons  adjacent  to  Sb 
atoms  will  have  higher  energies  than  those  remote  from  Sb  atoms,  causing  a  broadening 
and  tailing  of  the  lone-pair  valence  band  of  Se.  This  effect  could  account  for  the  sha! 
lower  slope  of  the  (ahv)1^  versus  hv  curves  with  Increasing  Sb  concentration. 
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THE  AMORPHOUS  Sb^T**  SYSTEM* 


C.M.  Garner,  L.R.  Gilbert  and  C.  Wood 

Physics  Department 
Northern  Illinois  University 
DeKalb,  Illinois  60115 

Amorphous  films  of  Sh^Te*,  where  0.11  ^  x  _<  0.86,  have  been  prepared 
by  coe^aporat.ron.  Crystallization  temperatures  occur  near  room-temperature 
for  all  compositions  and  appear  to  depend  on  film  thickness.  The  optical 
and  transport  properties  have  been  investigated  as  a  function  of  temperature. 
Optical  band  gaps  at  room- temperature,  Eg,  ranged  between  0.3  to  0.7  eV  and 
decreased  non-linearly  with  temperature.  For  the  composition  Sb2Te3,  Ee  -x, 

o 

0.7  eV,  in  contrast  to  the  semi-metallic  character  of  the  crystalline  form. 
All  compositions  were  p-type  with  the  Fermi-level  close  to  the  middle  of  the 
gap.  The  results  have  been  interpreted  in  terms  of  the  chemical  bonding. 


*  This  work  was  supported  by  the  Advanced  Research  Projects  Agency  of  the 

Department  of  Defense  and  was  monitored  by  the  Army  Research  Office  under 
Contract  No.  DA-AR0-D-31-124-72-G115.  wince  unaer 


-2- 


Introdur.*~ion 

As  part  of  a  continuing  study  of  the  properties  of  amorphous  antimony 
chalcogenides  [l],  we  report  below  on  an  investigation  of  the  amorphous  (a) 
,jbi_xTex  system.  As  with  other  members  of  this  family  of  compounds,  the 
Sbi_xTex  system  can  be  readily  prepared  in  the  amorphous  form  only  by 
quenching  from  the  vapor  phase  and  then,  due  to  its  more  metallic  bonding, 
only  with  somewhat  more  difficulty  than  other  members  of  this  series. 

are  aware  of  only  one  other  report  in  the  literature  on  the  pre¬ 
paration  of  a-Sbi_xTex.  This  is  the  work  of  Andrievskii  et  &1.  [2]  in 
which  a-Sb2Te3,  was  prepared  by  vapor  deposition  onto  a  substrate  of  nitro¬ 
cellulose  lacquer  held  at  2G8C.  This  result  is  contrary  to  our  experience 
in  which  it  was  found  necessary  to  cool  fused-quartz  or  sapphire  substrates 
to  temperatures  approaching  that  of  liquid  N2  in  order  to  obtain  amorphous 
deposits.  Our  films  were  presumably  somewhat  thicker  than  those  of  Andriev¬ 
skii  et  al.  since  they  were  performing  electron  diffraction  studies,  but  thoy 
claimed  that  their  results  were  not  dependent  upon  thickness.  Furthermore, 
from  the  method  of  preparation,  there  is  some  doubt  as  to  the  composition  of 
their  films  in  that  vaporization  occurs  by  decompositicn  into  the  gaseous 
species  SV,f,  Sb2Te2,  Sb2  and  SbTe  [3,4]  and,  also,  that  dispropoitionation 
occurs  into  two  phases  above  the  solidus  temperature  in  the  range  11  to  60 
at%  Te  [Si.  Hence,  it  is  extremely  unlikely  that  evaporation  from  an  Sb2Te3 
source  will  yield  the  same  composition  of  deposit.  We  did  not  find  it  so 
for  Sb2Se3  [6] . 

A  few  electrical  measurements  have  been  reported  on  thin  films  of  Sb2Te3 
by  other  workers  [7,8]  but  these  appear  to  have  been  crystalline  and,  because 
the  preparation  method  is  the  same  as  above,  are  of  doubtful  composition. 

Of  particular  interest  in  the  amorphous-crystalline  transformation  of 
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the  Sb-To  system  is  the  effect  on  the  band  structure  of  the  loss  of 
long-range-order,  and  the  possible  change  in  short- range-order.  Cry¬ 
stalline  (c)  Sb2Te3  (rhombohedral ,  C33D3d  )  is  either  a  semimetal  or  a 
narrow  gap  semiconductor.  From  the  optical  data  of  Sehr  and  Testaidi  [9] 
the  band  gap  is  not  greater  than  0.21  eV  and,  because  of  degeneracy  effects 
(Burstein  shift  [l 0] ) ,  may  be  considerably  smaller.  An  estimate  by  Smir¬ 
nov  et  al.  ill]  of  the  effect  of  degeneracy  on  the  position  of  the  optical 
absorption  edge  places  the  band  gap  at  0.03  eV.  The  conductivity  is 
always  found  to  be  p-type  despite  numerous  attempts  by  different,  investi¬ 
gators  to  produce  n-type  material  by  impurity  doping  or  by  devi.'.tions  from 
stoichiometry.  Free  carrier  concentrations  are  always  found  to  ne  in  the 

t 

range  1019  to  1020  cm-3  [12,  13,  14).  It  has  been  suggested  that  a  wrong- 
atom  defect  is  responsible  for  this  characteristic  conductivity  [12). 

Preparation 

O  o 

Amorphous  thin  films  ir.  two  thickness  ranges,  *  400A  and  *  2000A,  were 

prepared  by  a  coevaporation  method  onto  an  elongated  substrate,  as  described 
# 

elsewhere  [l] .  The  elements  were  of  high  purity  (6-9's)  and  the  evaporation 
was  carried  out  at  rate  2A/sec  in  a  pressure  of  <  10'7  torr.  The  substrate 
holders  were  cooled  with  liquid  N2  and  contained  some  fused- quartz  and,  for 
better  thermal  transfer,  some  sapphire  substrates.  During  evaporation,  the 
temperature  of  the  surface  of  the  fused-quartz  substrates  was  *  120°K  and  of 
the  sapphire  *  100®K.  Compositions  of  selected  films  were  determined  by 
microprobe  analysis  and  fitted  to  theoretical  curves  of  composition  versus 
substrate  position  [l]. 

Structure  and  Annealing  Effects 

The  films  were  determined  to  be  initially  amorphous  in  the  range  11  to 
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86  at%  Te  by  x-ray  diffraction.  Standing  at  room- temperature  progressively 
resulted  in  the  thick  2000  X)  films  at  the  ends  of  the  composition  range 
undergoing  conversion  to  the  crystalline  fom .  The  greatest  stability 
of  the  amorphous  structure  occurred  in  the  Sb-rich  range  of  compositions. 
After  several  weeks,  all  thick  films  except  sample  L9  had  crystallized. 

The  degree  of  crystallinity  of  the  thin  400  X)  xi I.t;  was  le-s  certain 
because  of  the  smaller  amount  of  material  present  to  diffract  x-rays. 
However,  over  the  complete  composition  range  (0.4  <_  •<  <_  0.8)  of  these 
films,  no  crystallinity  was  detected  until  the  films  were  heated  above 
room  temperature. 

The  electrical  conductivity  at  room-temperature  increased  by  at 
least  an  order  of  magnitude  in  films  held  at  room-temperature  for  a 
period  of  about  one  wvok.  At  the  Sb-rich  end  of  the  system  sample  L4 
exhibited  metallic-1: xe  conductivity  when  first  measured,  whereas  some 
Te-rich  films  (U16  and  U26)  exhibited  this  type  of  conductivity  progressively 
in  time,  although  all  three  films  appeared  to  be  amorphous  from  x-ray 
and  optical  gap  determinations.  The  effect  on  the  electrical  conductivity 
of  annealing  at  room-temperature  for  several  days  between  temperature- 
cycles  is  shown  in  Fig.  1  for  a  film  of  composition  80  at%  Te.  After 
this  film  had  been  crystallized  by  heating  it  to  200°C,  its  room 
tei.perature-conductivity  increased  by  an  order  of  magnitude  above  the 
last  result  shown  in  Fig.  1. 

For  several  selected  thin  films  (y  4C0  8  thickness)  of  widely 
differing  composition  the  conductivity  measurements  were  extended  above 
room-temperature.  The  films  were  heated  at  a  rate  of  'v  2°C/min  in 
a  static  atmosphere  of  argon  at  a  pressure  of  slightly  more  than  1 
atmosphere.  A  marked  increase  in  conductivity  over  one  or  more  orders 
of  magnitude  at  a  particular  temperature  wrs  taken  as  an  approximate 
indication  of  the  amorphous-crystalline  phase  transformation.  The  crystal- 


lization  temperature  was  taken  to  be  at  the  point  of  maximum  slope 
and  this  data  is  plotted  in  Fig.  2.  Crystallization  was  confirmed  to 
have  occurred  by  x-ray  diffraction  measurements. 

Optical  and  Transport  Properties 

Details  of  measurement  of  optical,  electrical  and  thermo-emf 
measurements  have  been  reported  elsewhere  [l],  Only  the  results  of  these 
measurements  will  be  reported  here.  Measurements  were  made  only  on  films 
that  were  amorphous  and,  because  of  annealing  effects,  were  performed  as 
rapidly  as  possible  after  film  preparation;  within  48  hours  in  the  case 
of  optical  measurements. 

Fig.  3  shows  a  plot  of  the  square-root  dependence  of  the  optical 
absorption  coefficient  (a)  on  photon  energy  (hv)  for  a  range  of  compositions. 
The  absorption  edge  (Eg)  was  determined  from  the  intercepts  of  the  curves 
in  Fig.  3  with  the  abscissa.  The  variation  of  Eg  with  temperature  was 
obtained  for  four  samples  of  different  compositions  and  is  plotted  in  Pig.  4. 

Fig.  5  shows  a  plot  of  the  log  of  conductivity  (log  o)  versus  reciprocal 
temperature  (T"*)  between  room  and  liquid-^  temperature  for  a  number 
of  compositions.  All  higher  temperature  data  fit  well  to  this  linear 
dependence.  At  lower  temperatures  the  data  points  for  a  number  of  films 
fall  belov  the  straight  line.  These  data  points  were  reproducible  for 
repeated  temperature-cycles  if  the  time  lapse  between  cycles  was  small. 

Vie  do  not  suspect  any  measurement  error  because  this  behavior  was  not 
observed  for  the  ether,  and  in  some  cases,  more  highly  resistive  amorphous 
material  systems,  e.g.,  Sb-Se,  Ge-Se,  and  Ge-Te  [15],  using  the  same  apparptc: 

Thermo-emf  measurements  at  room- temperature,  employing  a  temperature 
gradient  of  <  10°C,  showed  the  films  to  be  p-type  through  '"it  the  composition 
range.  The  Seebeck  coefficient  values  are  plotted  in  Fig.  6. 
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In  cig.  7  we  have  plotted  the  optical  activation  energy  at  room- 
temperature  (Eg) ;  the  value  of  E^,  extrapolated  to  absolute  zero  temperature 
(AEg(O))  using  the  data  in  Figs.  3  and  4;  and  the  thermal  activation 
energy  e  .trapolated  to  O^K  (AEo)  from  the  slopes  of  the  curves  in  Fig.  S 
as  a  function  of  ;crposition. 

The  results  of  all  these  measurements  are  aurzaarized  in  Table  1, 
in  which  B  cm“^eV"^  is  the  square  of  the  slope  of  the  curves  in  Fig  3 
and  (0  onm"1cm’,‘  is  obtained  from  the  intercept  (c0  exp  y/k)  with 
1/T  -  0  axis  of  the  c  irves  in  Fig.  5. 

DISCUSSION 

Preliminary  evaporations  of  thick  films  (^  1  micron)  of  Sb^_xTex 

on  to  room- temperature  or  liquid-N2  cooled  subscrates  produced  only 

crystalline  films.  Thin  films,  'v-  400  X  and  2000  A,  were  prepared  in 

this  study  in  order  to  stabilize  the  amorphous  structure.  Sb,  for 

example,  is  known  to  be  stable  in  the  amorphous  phase  at  room-temperature 

only  if  the  films  are  extremely  thin  (16) (17).  Similar  considerations 

appear  to  apply  to  the  Sb^_xTex  system.  In  tin.  present  study  all  films 
o 

'v*  2000  A  thickness  had  crystallized  on  standing  at  room- temperature  for 
several  weeks,  whereas  films  400  X  thickness  in  the  composition  range 
0.11  <  *  1  0.86  appeared,  by  x-ray  diffraction,  to  remain  amorphous. 
Optical  and  transport  measurements  (Figs.  3,4  and  5)  *v  de  on  these  very 
thin  films  immediately  after  preparation  appear  to  exhibit  standard 
semiconducting  characteristics.  However  on  standing  at  room- temperature 
for  extended  pe/iods  pronounced  changes  in  conductivity  occurred  (Fig.  1) 
with  eventucl  conversion  to  a  semi-metallic  character.  The  type  of 
substrate  used  for  film  deposition,  e.g.,  fused  quartz  or  sapphire,  did 
not  appear  to  influence  either  the  tendency  to  crystallization  or  the 

conductivity  of  the  films.  210 


From  Fig.  2,  the  thin  films  appear  to  be  below  their  crystallization 
temperatures  at  room- temperature  Tc.  It  should  be  noted,  however,  that 
our  values  of  Tc  were  not  determined  by  thermodynamic  methods  and  simply 
represent  the  stage  where  the  crystallite  size  and  volume  fraction  have 
increased  tc  the  extent  that  conducting  paths  have  developed  between 
electrodes  (18) (19) .  However,  in  the  Ge-Te  system,  Messier  and  Roy  (20) 
have  shown  a  close  correspondence  exists  between  Tc  determined  from 
conductivity  measurements  and  published  values. 

From  the  marked  time-dependent  properties  of  these  films  wc  infer 
that  the  mass  diffusion  rates,  at  room-temperature  and  above,  must  be 
quite  high  in  the  a-Sh^Tex  system.  The  glass  transition  temperature 
(Tg)  could  be  below  room-temperature,  which  would  account  for  the 
pronounced  annealing  effects  (Fig.  1).  Marked  changes  in  conductivity 
have  been  observed  at  Tg  by  other  investigators  in  the  Ge-Te  (*0)  and 
Ge-As-Te  (21)  amorphous  systems,  and  distinction  has  been  made  between 
these  transitions  and  the  crystallization  temperatures,  (Tc) ,  the  latter 
generally  occurring  at  temperatures  S0°C  to  ’.50°C  above  Tg.  The 
curves  in  Fig.  1  closely  resemble  those  of  P. nto  (21)  and  Johnson  a  \d 
Quinn  (22)  on  successively  heating  Ge-As-Te  amorphous  films  to  higher 
temperatures.  Pinto  associates  the  temperature  at  which  transitions 
from  semiconducting  to  semimetallic  characteristics  occur  with  T^. 

Johnson  and  Quinn  associate  these  conductivity  changes  with  a  thermally 
induced  conductive  surface  layer.  The  latter  mechanism  does  not  seem 
likely  in  our  films  since  we  would  expect  a  greater  conductivity  change 
in  the  thinner  films  with  the  smaller  bulk  which  is  contrary  to  our 
findings.  We  also  annealed  our  films  under  a  static  positive  pressure 
of  argon  to  suppress  surface  evaporation  which  could  give  rise  to  conducting 
layers.  It  appears  more  likely  that,  immediately  after  deposition, 

211 


heterogeneous  crystallization  is  slowly  taking  place  on  a  microscale 

of  the  type  observed  by  Moss  and  deNeufville  (18)  in  the  Ge,  Te 

1  "X  x 

system  at  Tg.  We  have  no  way  to  detect  this  and  this  is  the  reason  why 
the  optical  and  transport  measurements  were  performed  as  rapidly  as 
possible  after  film  preparation.  We  do  not  believe  our  thin  films  are 
crystalline  tc  any  marked  degree  because  of  the  orders  of  magnitude 
changes  in  conductivity,  which  we  associate  with  Tt,  occur  at  'v*  100°C 
to  150°C,  i.e.,  well  above  room- temperature. 

The  square  root  dependence  of  th^  optical  absorption  coefficient 
on  photon  energy  in  Fig.  1  suggests  that  non-direct  transitions  are 
responsible  for  the  absorption  edge  in  the  range  a  io3  to  105  cm-1, 
m  common  with  many  amorphous  materials  (23).  The  slopes  of  these 
curves  (B1*)  gave  values  for  B  in  the  range  5  x  106  to  2  x  10?  cm_1eV-1 
which  are  appreciably  higher  than  values  commonly  encountered  in  amorphous 
materials  (23)  and  show  that  the  absorption  edges  are  fairly  sharp  in 
the  measured  range. 

The  most  striking  feature  of  this  amorphous  system  is  the  surprisingly 
*arge  value  of  the  band  gap  over  the  whole  compositional  range  (Fig.  7). 

The  crystalline  counterparts,  where  they  exist,  all  have  much  smaller 
or  negligible  band  gaps.  Sb,  for  example,  in  the  crystalline  form  is 
a  semimetal  but  exhibits  semiconducting  properties  in  the  amorphous 
form  (24)  (25)  (the  optical  gap  is  unspecified).  The  band  gap  in  Te 
more  than  doubles  from  0.33  eV  to  0.73  eV  on  transforming  to  the  amorphous 
phase  (26)  (27).  As  mentioned  above,  for  c-Sb2Te3  E  is  <  0.2  eV  and 

o 

probably  is  -v  0.03  eV,  whereas,  from  Fig.  6,  Eg  is  *  0.7  eV  for  the 
amorphous  phase.  Considerable  changes  in  short-range  order  (SRO) , 
as  well  as  the  disruption  of  long  range  order,  would  be  expected  to 
occur  in  the  crystalline-amorphous  transformation  in  order  to  account 
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for  these  large  shifts  in  band  gap. 

Andrievskii  et  al.  (2)  nave  shown  that  the  SRO  in  c-  and  a-Sb2Te3  do  not 
correspond  and  further  that  the  first  coordina  tion  sphere  in  a-Sb2Te3 
is  at  2.78  X  compared  with  the  shortest  Sb-Te  bond  distance  of  3.07  X 
in  c-Sb2Te3,  indicating  that  the  bonding  is  stronger  in  the  amorphous  form 
The  optical  band  gap  appears  t-  hover  around  the  value  for  amorphous 
Te  (^0.7  eV)  from  80  at  *  Te  (films  of  higher  Te  concentration  were 
crystalline)  down  to  'v  35  at*  Te,  where  each  Sb  atom  must  have  at  least 
one  Sb  nearest  neighbor.  The  band  gaps  then  decrease  rapidly  down  to 
0.3  eV  at  *  11  at*  Te,  (films  of  lower  Te  concentration  were  crystalline). 

In  contrast,  the  thermal  activation  energies  varied  little  over 
most  of  the  amorphous  composition  ran^e  (with  the  exception  of  sample 
L4  which,  although  amorphous,  exhibited  scmimetallic  properties).  These 
are  the  values  extrapolated  to  0°K.  Applying  an  approximate  correction 
to  these  values  for  the  changing  gap  with  temperature  (Fig.  2)  would 
suggest  that,  irrespective  of  composition,  the  Fermi -level  is  fixed 
at  *  0.2  eV  from  the  valence  band  edge  (the  Seebeck  coefficients  are 
positive)  at  room- temperature.  The  marked  dip  in  Seebeck  coefficient 
for  compositions  between  60  and  70  at*  Te  (Fig.  6)  cannot,  therefore, 
be  due  to  a  shift  in  Fermi-level.  Values  of  the  Seebeck  coefficient, 
calculated  on  the  basis  of  a  one-carrier  system,  were  at  least  a  factor 
of  two  higher  than  the  experimental  values.  This  suggests  that  both 
electrons  and  holes  are  contributing  to  the  Seebeck  coefficient  and 
that,  in  the  range  60  to  70  at*  Te,  the  electron  contribution  increases 
(perhaps  due  to  a  mobility  increase)  although  the  Fermi-level  remains 
approximately  fixed. 

Fro.  the  magnitudes  of  o0.  listed  in  Table  1,  conduction  appears 
to  take  place  in  extended  states  for  composition  up  to  *  50  at  %  Te 


and  by  hopping  in  localized  states  at  the  band  edges  C23)  beyond  t„is 
composition.  However,  the  intercepts,  o0  exp  (y/k) ,  of  the  In  a 
vs  Vt  curves  in  Fig.  5  were  all  i04  ohm'W1.  Values  for  o0  were 
obtained  from  these  intercepts  by  estimating  y  from  Fig.  4.  These 
are  not  highly  reliable  because  the  temperature  variation  (3) 
of  the  optical  energy  gap  was  generally  found  to  be  non-linear.  Values 
of  Y  -v  S/2  Were  determined  from  the  slopes  of  the  curves  in  Fig.  4 
over  the  temperature  range  200°K  to  300°K,  i.e.,  the  range  in  which 
straight  linos  were  obtained  in  the  In  o  vs  1/T  curves. 

The  general  downward  curvature  of  the  In  o  vs  */T  curves  at  low 
temperature  is  contrary  to  normal  behavior  but  could  be  explained  by 
a  shift  of  the  Fermi-level  towards  the  center  of  the  gap  as  the 
temperature  is  lowered  (the  distribution  of  states  in  the  gap  is  unknown). 

It  cannot  bo  explained  by  the  non-linear  temperature  dependence  of  the 
gap  (c.f.  Fig.  41  which  would  give  rise  to  a  slight  upward  curvature, 
as  verified  by  a  theoretical  fit  to  the  data. 

An  estimate  of  the  relative  positions  of  the  molecular  state  energies 

can  be  made  from  e2  spectra  and  atomic  ionization  energies  (28) . 

This  suggests  that  the  antibonding  („*)  states  of  Te-Te  bonds  and  of  Sb-Sb 

bonds  have  roughly  the  same  energy.  Thus,  the  conduction  band  energy 

would  be  expected  to  change  very  little  on  alloying  Sb  with  Te.  The 

lone-pair  p-states  in  Te  should  be  located  well  above  the  bonding  (o) 

states  of  Sb-Sb  bonds  and  therefore  should  predominate  in  the  formation 

of  the  valence  band  from  pure  Te  to  quite  high  concentrations  of  Sb 

in  the  Sbi_xTex  system.  This  scheme  would  account  for  the  rather 

compositionally  independent  optical  band  gap.  At  higher  concentrations  of 

Sb  appreciable  numbers  of  Sb-Sb  bonds  are  formed  until  eventually 

the  band  gap  approached  that  of  (amorphous)  Sb.  The  lone-pair  band  in  the 
Sb 

appears  to  play  a  similar  role  as  a  function  of  composition  (29) 


The  Sb2Te3  crystalline  structure  is  built-up  of  multiple  five¬ 
fold  atomic  layers  (30):  Te(1)  -  Sb  -  TeC2)  -  Sb  -  Te(1).  Each 

TeO)  atom  has  three  Sb  neighbors  in  the  same  multiple  layer  and  three 
next-nearest  TeC1)  neighbors  in  the  adjacent  layer.  In  their  bonding 
scheme  for  the  C33-type  structures,  Mooser  and  Pearson  (31)  conclude 
that  some  covalent  bonding  exists  between  two  adjacent  TeC1)  sheets.* 

This  model  was  rejected  by  Drabble  and  Goodman  (30)  for  Bi2Te3  on 
the  basis  that  the  presence  of  these  resonating  bonds  (required  to 
satisfy  the  coordination)  would  produce  an  empty  orbital  *n  the  valence 
shell  of  some  atoms  (because  of  the  electron  promotion  necessary  to 
give  rise  to  the  resonance)  and  would  thus  lead  to  metaliic.-like 
behavior,  whereas  Bi2Te3  is  a  semiconductor.  This  argument  is  not 
applicable  to  Sb2Te3  which  does  show  a  metallic-like  behavior.  As  an  al¬ 
ternative,  Drabble  and  Goodman  proposed  that  the  Te  and  Bi  atoms  form 

(2) 

hybrid  sp3d2  orbitals  in  which  the  s  and  p-electrons  of  Te*-  J  and  the 
s  electrons  of  Bi  become  unpaired  and  occupy  free  d-orlitals.  The 
p-electrons  in  TeC1)  atoms  are  used  only  in  bonding  to  the  three  nearest- 
neighbor  Bi  atoms,  i.e.,  the  bonding  between  TeC1)  atoms  of  adjacent 
layers  is  solely  of  the  van  der  Waal  type. 

We  suggest  that  some  resonant  covalent  bonding  between  TeC1)  layers 
does  exist  in  c-Sb2Te3  because  ot  its  semimetallic  character.  However, 
in  the  crystalline  to  amorphous  transformation  TeC1)  interlayer  resonant 
bonding  would  be  absent  which  could  now  give  rise  to  semi-conducting 
characteristics  and,  with  the  decrease  in  nearest-neighbor  distance  (2), 
an  appreciable  band  gap. 

o 

*  The  distance  between  TeC1)  atoms  in  adjacent  layers  (3.62  A  in  Sb2le3) 
is  appreciably  less  than  the  sum  of  the  van  der  Waal  radii  (4.4  X). 
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Table  1 

Optical  and  Electrical  Parameters  of  a-Sb,  Te 

2  y 

Films  as  a  Function  of  Composition 


Film  # 

At  %  Te 

Thickness 

X 

E 

g 

(eV) 

B 

(cm-1ev- 
x  106 

AE_ 

1 ) 

(eV) 

°o 

ohm-1 cm"1 

Seebeck 

Coefficient 

(yv/ocJ 

LI 

11.0 

1510 

0.30 

7.9 

L3 

13.5 

1590 

0.44 

7.4 

L4 

15.5 

1600 

semi- 

*f  12 

metallic 

L6 

20.5 

1540 

0.26 

4.7  x  103 

+290. 

L7 

24.0 

1490 

0.48 

6.2 

L9 

33.0 

1390 

0.54 

6.7 

U4 

46.5 

480 

0.35 

ro 

O 

H 

X 

+330. 

U5 

48.0 

490 

0.75 

11.1 

U10 

56.5 

510 

0.33 

3.3  x  101 

+340. 

Ull 

58.0 

520 

0.74 

18.6 

U12 

60.0 

530 

0.30 

8.9  x  101 

+310. 

U14 

63.5 

530 

0.31 

1.5  x  101 

+100. 

U15 

65.0 

540 

0.73 

17.9 

U16 

67.0 

550 

semi- 

+  98. 

metallic 

U19 

71.5 

550 

0.67 

10.0 

U26 

80.0 

520 

0.28 

2.6  x  101 

+290. 

U27 

80.5 

510 

0.76 

12.5 

9^  R 


Figure  Captions 


1.  Effec.  of  annealing  at  room-temperature  on  the  electrical 
conductivity  of  film  U-26. 

a  -  measured  2%  days  after  evaporation 

) 

b  -  measured  5  days  after  evaporation 

c  -  measured  6  days  after  evaporation 

2.  Crystallization  temperature  versus  film  composition. 

i 

3.  Square-root  dependence  of  absorption  coefficient  (a)  on  photon 
energy  (hv)  . 

4.  Variation  of  optical  bandgap  (Eg)  with  temperature  00 .  U15  and 

U27  -  sapphire  substrates;  Ull  and  L9  -  fused  quartz  substrates. 

5.  Log  electrical  conductivity  (o)  versus  reciprocal  of  absolute 
temperature  (T) . 

6.  Room-temperature  Seebeck  coefficient  versus  film  composition. 

7.  Optical  activation  energy  at  room-temperature  (X),  optical  activation 
energy  extrapolated  to  0°K(0) ,  and  thermal  activation  energy  (A) 
extrapolated  to  0°K  versus  film  composition. 
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Amorphous  Thin  Films* 
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C.  Wood,  L.  R  Gilbert,  R.  Mueller,  and  C.  M.  Garner 

I'hyurt  Drparrmrni.  Mtrthrrn  lllinoil  Vnirmny.  IM  Kulh,  ///mm  601  IS 
(Kcictvcii  I  May  I **7 J) 

(he  oplical  ami  Itampml  piopt'ihct  of  llic  binary  amoipliiim  lyMcnii  Sh  Sc  tie  Sc.  anil  (ie  Tc,  have 
been  mvcOigilctl  as  a  fiinchim  of  ininpiiMliiHi.  lisscnlially  1  lie  whole  amoiphons  phase  of  each  syslcoi  was 
prcpaicil  in  a  sinplc  es  apoialinn  by  an  clinigalcil  sobsliaic  i  in  vapnialiiiii  lrilinii|iu  I  lie  oplii  al  hand  flap 
sailed  fmily  sinixilhly  helwccn  I  lie-  values  foi  ainoiplintis  end  innipmicnls  Musi  films  eibihiinl  loir  vs 
I  1  relaiinnships  l.aiepi  fin  Ihe  Sh  Sc  system,  Ihe  ir„  values  lay  in  Ike  hupping  ininloi  only  range.  Those 
tie  ilialoipenide  films  shoving  Imr  vs  T  "  "  hopping  ciniiloe  nvily  hcluvun  genii  ally  innvcileil  in  n  T  ' 
vaiialnm  alter  annealing  Ihe  ihcimal  ailivalnin  energies  and  iherano  cnif  nnasnriinenls  sh.iwed  Ihe  I'erini 
levels  In  be  fiacd  well  away  fioni  Ihe  band  edges  in  llic  Inihuldeo  gap  Delis  nli/alnin  of  stales  in  Hie  gap 
of  a-fic  with  increasing  rhakogen  cimlcnl  was  mil  oliscrvcd.  Ihe  icsnlis  have  been  mlcipieled  in  lenns  nf 
chcniiral  hooiiing 


INTRODUCTION 

<  km*  nf  i  lir  m.iiii  purposes  irf  l lii>-  siiirly  w.is  in  1 1»*1  t*r mint* 
tin'  i  ii  1 1 1 1  <i  n  r  -  nf  i  lii-mii  ,il  IhiiiiIiiik  mi  llic  |in>|H'i  lies  nf 
.iirixi  |  tin  it  is  mil  id:..  'I’n  ibis  end,  nr  li.ivc  siTcclcil  wvcr.il 
liiit.u'V  iiystemsott  llic  basis  of  (lie  molecular  min/.itinii 
I'licinii'S  nf  llic  ciul  s'sun  |  Mint'll  I  r«  .inrl  attcmpti'd  In  Irncc 
•  h  s  i'Iiijiii  it'll  I  nf  these  ciiciuh'H  across  llic  whole  phase 

'll. M  l  .HU. 

Sime  I  lit:  preparation  nf  .i  wlinlc  amorphous  liin.tiv 
as  si s* art  "dll  l>c  ![>iilc  lalmrimiH,  sve  li.ivc  devtTiipcil  .i 
h  i i ti in  i'nc»’  ’|Miriiliiii!  lei  'tnii|i.ic  whereby  ihe  complete 
1 1 nii|)e>sit Miiiiil  runge  i*ni  lie  pre|>ared  in  one  evil pura lion. 
The  iiiciIiikI  is  particularly  suited  to  llic  jirc|i.ir.ilinn 
nf  rtiiirir  |iIi«iiih  materials  where  I  liar  synlcms  arc  nol 
p.overiierl  by  ci|iiilibi  inin  phase  ilia^rani  mnsirlcralinns. 

Ii  is  possible,  ilicrt'fnrc,  in  examine  a  rniiliniunis  iTiaii|*c 
in  physical  proper  lies  over  a  wide  ctintpnsiiiunal  ran^e. 
We  li.ivc  applied  ibis  incoind  in  an  invest ig*«i  1  inn  nf 
die  .ininrphinis  sysiems  Sli  So,  <  ie-Se,  and  <  ie  I  e. 

MATERIALS  PREPARATION 

A  brief  ilcscnpl mil  nf  (lie  i  vapnralinn  system  fnllnsvs. 

\  lurin'  deiailerl  ilcscnpl  ion  lias  Iren  rcpnrlcd  else- 
o  lu  re  ’  basic. ills',  llic  apparatus  i  onsisfed  nf  a  V.iri.ni 
•ii  pumped  I hT I -jar  system  with  Isvo  widely  spaced 
\n cii  liincsi.il  270"  I'h'iTrnii  beam  (KM)  nuns,  each 
mi  IteiUK  I'onlrulh'd  by  inorlihi'd  Slnan  Omni  IIA 
narlx-crysl.il'iiM  ill.iinr  evaporation- tale  i  mil  rollers. 
mi  chine. Mod  substrate  bolder  of  Icnelli  erpial  in  die 
panne  lietwecii  ihe  KM  eniis.  i.c..  nearly  llic  wirlih 
•f  an  I H-in  bell  jar,  and  capable  of  beine  mainlained 
ii  any  lemperalnre  In'lweeii  rnnm  and  liipiid  N?  lem- 
ii'ialiiie,  was  situ. ili'il  above  and  in  line  willi  the  I'.M 
eons.  A  series  ('TO)  of  fused  ipiaiT/.  substrates.  in 
m  hit  Ii  each  alls')  mile  snhslralc  was  elect  rnded,  was  held 
in  juxtaposition  in  the  holder.  I  has  eai  h  substrate 
in  nvnl  i  different  ratio  nf  (he  two  elements  In  aiisenf 
dilleriiiy;  pniximily  In  ihe  tsvo  KM  Kims  (the  ex.n  l  ratio 
himK  i  on l rolled  by  die  seltiiiKS  of  ihe  eva|toralion  rate 
contmllcrs),  i.c.,  rompositionH  over  a  wide  raiiKC  were 
pn  part  1 1  simultaneously. 

tlnr  present  system  niccr|>oraied  two  such  holders 
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situated  al  ihUcrciit  Inichls  almvr  the  cnicibli'S.  lienee, 
fm  a  Kiveii  i.itio  nf  i  va|Mii ,0 inn  rates  fritin  the  two  I'.M 
Kims,  a  bin.nl  i..iiiipl mg:  nf  i  nmpnsil inns  in  thick  films 
was  nbl.mml  ie.  die  Inwci  lack  ami  a  smaller  cnm|Kisi* 
iinii.,1  Kr.idii'OI  almiil  a  piesiTcclill  cniii|Kisilnui  was 
nlilaini'd  in  linn  hints  limil  the  nppt  i  rack 

In  this  cxpi  rinii'iil  the  eva | torat inns  wcie  carried  mil 
in  a  prct-smi'  nl  *•  III  7  inin  I  Ik.  oi  lower,  at  estieiiuTy 
low  evapi ii ,i t m«ii  rail's  (  v  I  in  2  A, see).  I  In  snlisliales 
were  held  al  innni  li'inpi'i.d lire  llirniiKhnnl  I  I.c  i' v;l| hii;i - 
linn.  The  riim|msiliiiiis  if  selii  led  III  ms  well'  deter- 
mined  by  iTei  iron  micrepmlic  analysis  and.  from  Ihe 
Kcnmetiy  of  the  system  and  the  measured  ev.i|Hiralion 
rates,  the  C(iiiipi>silion  vas  calcnlaleil1  as  a  function  of 
|H>sil  inn  in  Hie  holder 

OPTICAL  MEASUREMENTS 

III  older  In  snivey  ihe  nplical  prnpeilies  nf  die  lilins 
as  a  f  unit  inn  nf  i  nmpnsil  inn,  every  nlleinnlc  snlwlrale 
in  the  sei|ininc  in  the  luthier  could  Ik-  seliiTed  fm 
m.asiiriiiuiii  Mccanse  nf  the  compitsiliim.il  vari.ilmn 
amiss  ihe  siilislialc,  only  a  T-mm-wide  strip  <>l  d"' 
cenlci  Mil  mil,  pei  |  s' ndiciilar  In  the  nini|  'silinii 
Kradicnl.  was  measured. 

A  l 'arv  IT  K  spcciriipholmiHTei'  with  a  Siiiuik 
ri'ili'ctam c  attachment  was  ns  si  In  oi.ike  tipdc.il 
liaiisuiitl.ini  i  /  anil  riTIcctaiice  K  ini'asmi'iiii'iils.  I'lsnn 
these  nic.isineiiu'iils,  the  refractive  and  the  .ilisinp- 
l  inn  indices  and  die  absoi  pi  inn  ciiMSlanl  were  i  ah  nlaiisl 
by  a  mi'lhml  reported  ill  Ref.  I 

T  he  absorption  cist's  were  found  to  obey  the  relation 
for  nondirert  transitions1'4 : 

nhp*-li  (In’-  (i) 

slmwiiiK  einiservatioH  nf  eneiKy  but  mil  iiystal  mu 
mi'll  1 1  mi .  The  intercepts  nf  I  hr  (o//e)’  vs  hr  nirvcs 
exlra|Nilaicd  In  «■•-*()  were  taken  as  die  values  of  the 
optical  I'lii'i'Ky  nap  A,. 

CONDUCTIVITY  MEASUREMENTS 

Alter naliiiK  in  the  holder  with  the  snbslrales  for 
optical  luiasiiniimils  win  .mlistrates  which  wise 
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elec  I rodcd  for  conductivity  measurements.  The  elec¬ 
trodes  consisted  of  four  strips  of  linked -on  liquid- 
lirinht  platinum,  so  that  four-probe  measurements 
timid  lie  inside.  Measurements  were  made  liet ween  room 
and  liiptid  Ns  temperature. 

I'hcrmal  at'livalinn  energies  were  determined  from 
a  least -squares  lit  to  the  equation 

a  *„■  *«*r.  (2) 

l  or  eondntiiou  in  exlemleil  stales,  A/'.  represents  the 
energy  diflerenet  between  the  I'crmi  energy  l\y  anil 

I  In-  majority  earlier  baud  nine  (o.^.,  the  valence 
band  If  we  assume  A/i  to  be  a  linear  lime turn  of 
temperal  lire, 

A/'.’  A/i,--y'/',  (•') 

1 1 ifii  i lit*  activation  energy  oblaiiicti  from  the  plots  ol 
Kq.  (2)  is  the  exliapolateil  value  (AA,,)  to  /  t)  K  and 
not  (lie  actual  values  of  A/‘.  at  /  d  K  ,  "  ( •eueially, 
„„  js  tail  sliinii*lv  temperature  depeiitlenl  eomp.iretl  to 
die  exponential  term  in  Kq.  (2)  anti  is  expeeletl  to  lie 
in  the  inline  ll»’  Id'  SI  1  cm 

If  the  i  liaine  carriers  are  excited  udo  loeali/etl  states 
it  the  baud  ed|*e,  then  A/',  l'.f  /'./cl  AIV»,  wlieie 
All'i  i-  the  aelivalion  cncryv  for  hopping  e.aitlm  lion 
and  the  Incali/cd  stales  occupy  the  ciicruy  ranpe 
I-.,,  -  I'.v*  Here  o„  is  expected  lobe  ~  Id  r  Id  Si  'em  *. 

If  ImppiiiK  I’niidnelinii  occurs  between  locali/etl 
stales  near  the  h'ermi  energy,  then  A/\ r  A  B/i~  J 
width  of  the  defect  band  If  Imppiny;  is  between  nearesl 
neighbors,  l\q.  (2)  is  followed  with  ffn^ld  •  Si  1  t  in 

I I  variable  ranne  hopping  oeenrs,  the  conductivity 
varialitm  has  the  fornr' 

lus  A’-  •/('/'  (I) 

THERMO..  lECTRIC  MEASUREMENTS 

riicSet  beek  etiellicienl  S' at  room  temperal  lire  was 
measured  on  a  number  of  the  lilms  usetl  lor  resistivity 
iiirnsiirciiiculs. 

I  dr  a  one-carrier  nniidcy>cni'r.ilc  system  in  which  a 
mean  free  path  /,  tan  he  tlehneil. 


where  A ~  liy—  liv,  is  the  energy  thlTcicncr  between 
the  e'ermi  energy  anil  the  band  etl^e  in  w bit'll  t  undue- 
lion  is  taking  place,  ia'.,  fondue  lion  til  lalrnrr  hand 
As  mentioned  above,  A/,  is  leinperannt'  depemleut  ; 
i  I  Kq.  (.1)  I'lie  t  onslanl  A  may  lake  oil  various  values 
depending  on  the  energy  tit -pi'iiilfiiif  of  the  cliarye- 
caliier  relaxation  time,  c.y;.,  A  2  for  afuushful-inodf 
kill  it  e  se.itleriny,.r'  If  a  mi. in  life  path  taiintil  be  tie 
tilled,  ie,  /  is  less  llian  the  lalliee  spaeiii|>.  anil  the 
enei^y  tlepentleiite  of  the  dcnsils  of  stales  is  assumed 
lo  be  I  i  ill  II,  dll'll  .1  (I  |  lei  ins  ol  Older  /)• 

I  oi  a  Iwo-r.u  nci  system,  the  individual  t  onlrdmlions 
of  elections  r  and  holes  A  to  the  Set-beck  cncllicicid  arc 
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subtractive’: 


a  rS,\a  ki>k 

5=* - - . 

v.  +  tr* 


i  i 
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Sb-So  SYSTEM  ' 

Allliouy'li  IkiIIi  elements  can  be  prepared  in  the  amor¬ 
phous  form,  anmrplioiis  Sb  is  stable  only  at  low  tempera  ■ 
lures  for  thick  lilms  ( ~ mirrmis)  or  for  very  thin  lilms 
(~l()’ A)  at  room  temperature."  *  X-ray  dilfraflioi 
measurements  showed  that  all  except  the  exlremeb 
Sli-rit h  ( > KS  a!  %)  lilms  were  amnrphons  ill  tin 
present  experiment. 

At  I  cn  I  it  in  has  liccn  drawn  in  the  importance  uf  an 
Healing  nr  depositing  amorphous  lilms  near  the  crystal 
lo'ali'iii  tempera  I  ore  /,  In  obtain  leli.ible  tiplieal  ane 
etiudiielivily  tl.ila  1,1  ”  Sb  Se  lilms  c.miioi  be  annealed 
unit'll  above  it  sun  leuiper.i  litre  bec.mse  of  tin  icmlcmv 
lo  crystallize  or  phase  sc^rcpa Ie."  Aiiiorphous  Sb  lilms 
of  I  hick  ness  >10' A,  crystal!)  e  well  below  room  I  fin- 
peralme  and  amorphous  Se  ei  j  stalh/es  at  -100  °<  . 
The  highest  /  reported  for  this  system  was  170  °( 
at  the  composition  Sb,Sci."  Because  of  the  slow  deposi¬ 
tion  rales  (~2  A/sec),  the  hiyji  vacuum  (-10  ’  mm 
lly;),  .uni  die  proximity  of  the  substrate  temperature 
timing  deposition  to  T„  it  was  ihnn^ht  unlikely  that 
further  annealing  would  prnduce  changes  in  lilm 
stnutnre 

Absorption  coelbeients  a  ranged  from  10’  to  10*  cm*1 
for  the  particular  ex|>criinenlal  eonditiuns  (film  tliick- 
ness,  spectrometer  sensitivity,  etc.)  and  lilted  well  in 
an  (o/o')*  vs  hv  rel.ilionship  fur  ntinilirfCl  transitions. 
An  exponential  tail  was  mil  observed  or  ,'X peeled  for 
these  hiy*h  ahsnrptinii  enlist, mts.  The  slot  e  (/B)  of  the 
euives  showed  a  steady  increase  with  increasing  Se 
eouicnl 

It  was  ftmnd  that  all  but  the  extremely  Sb-rich  lilms 
(  >  K.S  .n.‘/<  Sb)  yieldetl  si raiy;h I  lines  nil  the  Inu  vs  1// 
plot.  Willies  of  <r„c''*  t>l >1  a i i it'll  lq  extrapolating  the 
i  iirtes  to  I  /  /  >1)  were  found  In  Ik*  — 10’ W  ’em  'outlie 
SI i- ■  it'll  side  of  SliTifj  ami  then  progressive!  \  to  decrease 
with  inti  easing  Se  eonleitl  to  a  inininunn  of  -It) 
W  1  cm  1  ai  HD  at  Sj  Se,  ami  then  increase  a^ain  to 
10’  W  1  cm  Because  of  llieii  veiq  liiyjli  resist; mee 
t  >  ID"  JJJ,  the  extreme  Se-cieh  lilms  weie  nmasmeil 
usiny;  a  sandwich  elect nwle  structure.  I  lie  c\u  me  Sli 
rich  lilms  were  t  ivslalline  and  showed  mclallit  t'ontlnc 
t  tvi  I  y  •  liie  low  temperature  region  of  die  I  no  vs  1// 
plot  fur  a  1 1 1 1 1 1  Iviny:  just  on  the  amorphous  suit  ol  I  lie 
phase  homitlaiq  showed  some  enrv  i line  w hit'll  could  lie 
liileil  in  the  form  of  Kq.  (4) 

All  Seelieek  I'oellit'ienl  values  for  samples  with  lip  lo 
SS  al.%  Se  wer*'  positive  (Kiy;  4)  showint;  the  majoril) 
carriers  to  lie  holes.  Btquiitl  this  I'liinposiliun,  tin 
resistances  were  loo  hij*h  to  allow  uic.isiuf  inenl.  \  lines 
for  A/'.', i  ohl. lined  from  Kq.  (.S)  lor  am  reasonable 
assumed  value  ftn  . I  ami  y  could  uoi  be  ici  oiii  ilctl  with 
the  A/'.ii  values  uhiamiil  fiom  I  mi  vs  I  /  ti  lives.  We 
were,  therefore,  foul'd  to  com  hide  that  I  q.  (.(>)  is 
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■  *  1*1  ’I*1  ■•I'li  i  <  .  I  lit1  I  rum  lex  cl  in  lixcil  iif.n  I  lie  nmltllr 
"I  tin-  influx  yap  mil  lh.il  Imili  holes  mid  flee  I  runs 

in  i  mitiiliuliuy  in  llif  Sfflifi'k  i  (K’llirif nl , 

I  lif  optical  yap  h.t  ,ii  1 1 h mi  H'iii|H'r;ilnii<  mill  die 
tlifrni.il  lift i\ ,i i iiiii  cncryx  A/’ai  nl  .ilisululf  zero  Ifin- 
I it  itiiif  is  >1  ii f. i ii  iii  1- i(< .  I  ns  .i  fimi'l inn  id  rtiiii|nittiiini). 

Go-So  SYSTEM 

Until  flfiufiiis  lie  mid  c.in  In-  |»ri‘pmfil  in  (link 
.iiiiiii  |ilmiis  1 1 1 1 1 1  (ui  in  1  iy  i  If  |  nisi  i  ii  iii  i  hi  1 1 1  iiMiiii-tfin 
I  «•  i  .H  i  in*  hi  list  i  .lies  I  iiiisfi|iifiillv,  l  lie  •'(  iiii|ilt‘  if  system 
u.is  fi •mill  in  lie  .iiiidi |iliinis  liy  x-i.i\  (Slli.nl u u i 

I  l.lla  is  .iv.lli.ililf  III  dll'  liliT.iliiri'1  '  '*  nil  amif.diliy. 
.mil  ylass  mnl  1 1  x  sl.dli/.itimi  ifmpi'ialmes  (m  liiuiird 
l. DILI'S  ill  1 1  ■  1 1 1 1  m  isi  I  unis  i  if  mill  i|iifin  lifil  glasses  have 
Ini'll  i  «'|  m  ir  I  ii  I  I  lifsf  v. iliifs  «ii  c  mil  ilni'i  llx  li.insl.il.ildf 
in  ilnn  IiIiiis11  .mil  si|;iiitii'.iiii  ilillfifiii  fs  li.ivf  liffii 
ul  iSf  i  nil  •  \’i  n  fi  ii  \  ,n  inns  liif  I  In  « Is  i  ■!  linn  Itlm  jncjiir.t 
i n hi ,  Im  f x.n>i| ill',  vvlii'dii'i  s|niiii'if(l  in  fv.i|iin.iiiil,"  '* 
mnl  (m  i  lilli-i  i*ii  I  I  IiIiiis  nl  Inyli  v.ii  iiiiiii  ’’  I  lii'i  <- (i  il  i*.  1 1 
xx.ix  (i  ill  ml  iiis'i'.hs.ii  y  In  millf.ll  mil  IiIiiis  in  small  pioylcs- 
sin'  steps  m  Ifiiipi'r.dnif. 

Hu  optic. d  .ilisoipliun  fiifllH'ii'ids.  xvliicli  ay. lin 
l.iliycd  In'lMffl)  1111  mill  ID''  i  ill  \  III  Sit!  well  In  I  lie 
l*i/»  t- )  *  vs  hr  i  i-l.i  I  ii  nisi  i  j  i  IkiiIi  .f(nif  mnl  aficr  .min  ,d 
ui);  I  luxvfx ci .  (lie  slnpcs  (/(•(  sliyhlly  (lei  rc.isisl  mnl  die 
nilcricpls  (/•;„)  si  iy;l  1 1 1  y  mi  ic.iscil  mi  amifaliuy.  with 
1 1 1 ms l  inmkcil  chanyes  miiirriliy  .iruiinil  die  emupnsi- 
linns  <  icSf  mill  *  icScj, 

Musi  IiIiiis  iilfycd  .i  Imr  vs  I  /  depfiidfiicf  mnl.  (nr 
llusf,  mine. dniy  .dsn  increased  1 1 1  llifrui.d  a.lixalimi 
cncryics  A/- Inn,  in  .ulilit inn.  il  lunverlfd  .i  ininilici 

■  ■(  (if-riili  IiIiiis  (•  12  nl.'/,'  Sc)  iilicviuy  .i  Imr  vs  7  1 
In )|ipiuy  i  iinilni  livil)  type  icl.ilunisliip,  over  ai  le.isi 
pm  I  n(  din  ifinpi'i.iliuf  ranye,  lu  it  Imr  vs  1/7'  ilc- 

pfiiili'iiff. 

II  xv. is  (i  in  in  I  dial  <f,i  i.inycd  liclxvi'i'n  10  1  mnl  I  11  1 
i  hi  1  Inr  llif  .I'l-ilfpiisilfd  IiIiiis,  (ur  coinposiliuiis 
In' I  xvi'fii  0  .'uni  50 .  >  l . 1 Sc,  xvilli  ;i  sharp  iiiiiiiniiiui  occnr- 
nny  nc.ir  <  .cSe.  u(  -'ll)  "11  1  nil  mifl  llicii  increased 
ayain  lii'yiiiiil  llns  |  ii  ii  1 1 1  y  xvns  dflcrniiiifd  (rum  die 
icinpi  i  a  l  n  1 1-  va  i  i;i  I  it  in  u(  die  iipiical  yap.  Auncaliny 
lie  reused  llif  v.ilncs  n(  n,  1  iy  less  lli.in  a  (iiclui  n(  S  in 
In-  ranye  0  Si)  ai.'lf.  Sc.  I'ilins  In-yund  51)  ai.%  Se 
i.ivi'  mil  liffii  mini'. did,  in  il.ilr. 

Thermo  cml  miMiiiiii'iiifiils  ,n  ninin  Icmpcratmc 
'linxvfd  llif  Sfi'licck  i  iii'lln  ii-ni  lu  lie  n  Ivpc  (ur  llif 

■  ',f  inli  ci >n 1 1 m ..si i iniin  in  IS  m.%  Sc,  die  limit  u(  our 
Mifusiimiicnls,  iml  lu  iiii  if.isf  iiiiuiiilunindly  xvilli  Sc 
i  onlfii I  (I  iy  •!)• 

Aymn,  x\f  Ii.ivi  ploiled  llic  opiinil  (/“'„)  mill  llu  iin.il 
(A/.'n)  m  liv.iliun  fiicryifs  ;is  u  (iini  liini  uf  i  iniipusiiiun 
ui  I  iy  2  Here,  we  ulsii  show  die  flTci  ls  uf  iiiuifiiliiiy. 

Go-To  SYSTEM 

Since  Tc  is  normally  crystalline  ns  deposited  ill  room 
n  mpci. mire,  uiily  films  up  In  the  cum|Misilinn  DO  iil.% 


/ 

■I  •• 


i  .  *  *i*  .  i 

i 

I  I*. (  hi  I  s|i  Sc  -  \ n  iii  I  Ipl  11 .1 1  .mil  (I1r1111.il  .ii'liviili'iii  ciii'r);) 

X".  I  «MII|m,.|||,m|  0,  /  l.f.  lh|»i|-llll|| ,  A,  A/'.'t  (.!'  ll(')Mlsill'll) 

lc  xxi'ic  luiind  111  I  ■■  ■  muni  plums  I IX  \-i.ix  ilillr.ifliiin. 
All  In  a  a-  It  xvc  usfd  )iulilislifd  d. n. 1  mi  .1 1 1  nc.i  I  iiiy* 7  ns  a 
yinilf,  xx v  1 1  >1  ■  1 11 1  ill. il  inn  samples  ci )sl.illi/fd  will 
Ih'Ihxx  lln  li  11 1  pi -t .n  111  cs  lislfil  I  lif rrfnrc,  we  hail  In 
UMiii  in  .111111. duty  111  siayes 

Smnc  pi  im  imik  mi  spiillcri'il  IiIiiis  nl  tins  system 
xx. is  npmii'il  In  Knikslad  .mil  (If  Ncufxilliv1  l)nr 
ii'sulls  aie  ill  snli'l  an  1 1.1I  ayiffuifiil  xvilli  I  heirs  if  \xc 
iniiip.iii  mn  as  ilfpnsiicil  IiIiiis  xxiili  llifir  .  1  mi  if  .1  If  <  I 
unis;  fxin  ilium'll  mn  uplii.d  li.iml  yap  is  (li'lilifil 
dillfifiillx  and  iimsi  n(  mir  1 1  tin  1 1  nl  i  x'  i  l  y  - 1  cn  1 1  icia  1 1 1  re 
df|  ifinlfiu  i  s  Iiiii  ii  .1  si  1  .ny Ii  1  -line  Imr  vs  /'  1  In'liavim 
nx'ei  die  xxlmlf  li-mpi'r,itiiif  rnuyc  iluxvu  In  liipml  N.« 
icinpi-i  a  I  in  i-s.  An  mipmimu  cxci'pl  ii  >11  is  dial,  .is  xvilli 
(if  Se,  a  iininlifi  uf  die  <  if-rii  Ii  IiIiiis  exhihilcd  a 
Iiik  vs  /  1  lull,  i  x-  ii  ii  lie  (lire  nmifnliiiy,  and  a  Imr  vs  V  1 
n-lalinnsliip  aflfi  xx. mis. 

lln-  uplif.d  .disnipliuii  fdyi'S  lull'll  die  (u/l  d  vs  hr 
ifl.il  imislup  (|iiilc  xx  ell  in  die  ranye  ir'IIV1  ID'  fill  '. 
( 1(111',. dlx ,  mnif.iliiiy  sliyluly  mi  ic.iscil  die  value  n(  /'.» 
alinvf  die  asilepusilfd  values ,  1  lu*  slope  (/(')  was 
siynilu  . inlly  i  li.myi'd  uiily  in  llif  vicinity  ul  ( <(*  I  (•■■, 
xx licic  il  xvas  loxvci cd. 

In  cmiiiasi  lu  (lie  In'liavim  u(  die  uplifitl  y.p  I'.,, 
and  lu  die  lifli. i viur  of  die  llifini.il  acliv.ilinn  cnciy> 
A/'.n  in  die  l.e  Sc  syslcm.  A/.»  in  this  syslcin  dec  reused 
oil  unufiilioy. 

In  llif  as-dcposilfd  IiIiiis,  a  kuye  si'iiller  in  on  values 
xv. is  olilaiiifd,  yciu'i.dlx  i.iiiyiuy  liflxvfcu  I  and  ID 

II  '  im  xvilli  a  maximum  al  < 'ifT'cj  anil  a  in.iikcd 
miiiiiiunu  uf  ID  *  11  'em  1  in  die  ranyo  7D  Mini  %  If 
Ayaiu  y  xv;is  uliiaiucil  (mm  llic  lempcraliiii'  dcpi'nilciifi 
uf  llic  optical  yap.  After  iinueidilly,  llic  on  values  ilc- 
I'l'fuscd  liy  ;i  faclur  uf  liclwcfii  2  and  ID,  cxccpl  (or  llif 
lunye  7ll  SO  ;■  I . V#i  'IV,  xvlicre  llic  vnlnes  incr  .•iiscil  In  lln1 
sal ne  iiiilfi'  us  (lie  oilier  IiIiiis. 

llif  i  <  miiii  - 1  ci  1 1]  ii'i.i  I  ii  ii*  Sfflicck  coellicicul  xv,  s  n  lypi’ 
in  die  ( iC-iieh  fiul  of  die  system  up  lo  .10  nl.%  lv  nnd 
/>  lypc  licyoud  diis  i  nm|>osilion  (I  iy.  4). 

I'iyiirc  .5  shown  a  plot  of  li,  nl  room  leni|icr;iliirc 
and  A/'ij,  Indh  ns  a  fimclion  of  composilion  nnd  nn- 
ncaliiiy 
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C| '  II  >0  *'  4(<  •»*  I  fill  A)  H<!  *IO  (2)0 

Al  /..  Sc 

I'll, UNI';  2  (if  St  aysn  ill.  amt  llirnu.il  mtiv.ilinn  nicruy 

vs  riiiii|Hisiliiui .  #,  /•.,  (.is  i|r|Sisilr<l) ;  A,  (Iirsl  .iiini'.il) ;  x. 
A/l't  (.'is  (li'|Misilnl) ,  O,  A/'.'«  (lii  si  .nme.il) ;  Q,  A (stooiil  .lilllr.ll), 
llir  (ns!  .iiinr.iliiiK  lriii|»,i>iliin‘  w.is  2IKI  ®C  (or  niiii|iIi‘s  emiloiiiiiiR 
less  lli.m  55  al.*,,.  .V  mill  Kill  °(_  (<n  samples  Rrrnli  r  lli.m  55  ill  Vi 
S'  I  lit  second  imnr.iliiiR  It'iiusr.ilnro  was  5(1°  liinlu  r. 

DISCUSSION 

I 'or  i'll  three  systems,  (lie  optical  energy  nii|»s  vary 
fnirly  siiKxtihly  with  miii|H>siiiiiii  from  values  cor- 
ti'S| lo.iili ny;  (o  the  hand  Raps  nl  (lie  omoi'i  ‘ions  end 
i  imip.incnls.  In  i  lie  lie  Sc  mill  tie  le  systems,  the 
Raps  ri'iiiidii  fiiiily  const, mi  over  <|iii(c  :i  I.iirc  iniii|Hisi- 
lion  raiiRe  iienr  (lie  end  rumpniieuls.  As  (lie  coin  e»ir;i- 
lion  of  ( ie  deci  eases,  llir  forliiddeu  Rap  lein.dns  roust  mil 
until  7t)  {it.%  (le,  where  St  Se  or  Te  le  bonds  ,ire 
formed.  At  the  extreme  lie-riih  ends  ol  the  tie  Se 
mid  Cle  le  systems  the  I'ernn  levels  .ire  loiMted 
'<1.2  e\  from  the  Condor  I  ion  h.iiul  edRe.  This  v.ilne 
is  close  In  the  i 1 1 1 1 in li i \  activation  cnetRV  of  •**'  mid  le 
ill  eryst.illine  <  .Old  is  it  le.ist  stlRRCslivc  lh.it  the 
localized  stoles  lixiitR  the  |iositnin  of  the  lerini  level  ore 
due  to  the  .iddiiinn  of  these  oioms.  I  he  cm  respniideiiee 
hetween  the  l  erini  level  |n isil ■■  ill  with  respeil  to  the 
eoiidiieliim  Ii.iikI  mi  <  ie  Se  mid  <  «e  le  is  i|inle  close  in 
liotli  svslems  until  i  ’imposition'  t  >eSe  and  I  ie  I  e  .lie 
riMi'heil  With  fniiher  meie.i'e  ol  iIi.iIimrcii  eoiieenir.i 
lioll,  the  optical  h.illd  Rap.  ho  wet  ei  .  i  lee  r  coses  fol  t  .c  I  e 
while  it  mil  coses  for  t  >e  Se  At  o|i|in>xiiii.iielv  III  ol  1  , 
l  e,  the  Icrilif  level  foi  (  >e  leishii.ilednc.il  the  i  i  nter 
of  the  Rap.  I'iii  this  reason,  die  s i > •. i »  of  the  thcriiiopnwer 
eh, i list's  hevoiid  lhiseiiiii|Nisiliiiii  I  lieie  is  no ilonht  (hot 
we  ore  dcahiiR  with  .<  two  i  oriiei  sy  stem  .mil  tli.il  the 
ill, irked  dcvi.ition  hetween  the  Seehei  k  ineltnient 
Villlles  heynnil  '4.5  .it.','  eli.ili  orcii  (Hr.  4)  is  due  In 
the  more  ro|inl  moveilienl  of  the  v.ileiicc  h.md  ow.iv 
from  the  eiiiidnetiiin  honil  in  <  .e  Se  lli.m  in  <  ie  Te. 

I  lie  Sh  Si1  system  shows  o  more  lineal  ehaiiRC  ill 
optical  ond  thermol  honil  Rap  than  die  ( ie  Se  .mil 
<  >e  le  systems.  Alsu,  the  lei  mi  level  Appears  to  lie 
closer  to  die  middle  of  the  nap  over  the  wlioh  <  oin|msi 
I  ion  r.uine  thou  in  (lie  (ie  elioli  nnenides. 

Over  the  entile  (if  Se  mill  t  ,e  Te  systems,  the 
in  it'iniinh  of  in,  ohseived  l«nh  lielore  .mil  oiler  oit- 
ni'olinn  iiulieoted  tliot  eondui  livily  wos  either  hy  hop- 
piun  at  the  hand  nines  or  h\'  Ihownioii  type  motion.” 


a»  values  for  the  Sh  Se  system,  lused  oil  the  value  ol  ) 
al  SlitSot,  indicate  this  type  of  coudiic livily  from  <»h 
to  HO  at.%  Se,  and  i'i»inlm‘lion  in  extended  stoles  out 
side  this  eoiii|Misition  ronne. 

Since  the  eomlitelivily  obeys  o  I  no  vs  /  1  Ifh.iviot 
for  mony  films  over  ijiiite  o  wide  temperoture  rilin' 
the  I'ernii  level  must  he  fixed  in  the  Rap  altliotiRh 
neiterolly,  not  in  the  renter  of  the  nap,  Wc  presume  the 
is  due  to  a  liinh  density  of  localized  states  in  the  rcRioi 
of  the  I'crini  level. 

In  those  lilms  which  could  not  he  lilted  to  liter  vs  7 
I  treatise  of  the  |xissihilily  of  several  conduction  iiieclt. 
nisui  oheyion  different  temperoture  dcpenilences,  th 
mlei  pretotiou  of  I  In- conduct  ivit  y  wos  not  miomhinunu 

I'resmnohly,  Sh  or  ( le,  when  added  to  Se  or  I  e,  at  ' 
os  a  hram'liiiin  or  cross-linkinn  anenl  hetween  the  line. 
IHilymer  chains  with  Sh  in  llireefnld,  <  >e  in  font  fold 
and  Se  nr  To  in  two-fold  coordination.  Radiol  distrihu 
lion  studies  hy  Ifelts  ei  a/. ,’*  on  tin*  t  >e  I  e  system  and 
hy  I'awrctt  ct  til,"'  on  the  ( ie  Se  system  sorrcsI  dial  ■' 
random  covahmi  model  applies  over  the  whole  composi 
lion  rniiRC,  i  e.,  that  (ie  is  Iclrahcdrally  coordinated  and 
that  the  chnlcoRfii  is  twofold  coordinated,  hut  not 
exclusively  to  unlike  atoms  as  in  a  chain  crossiiiR  mode 
I lowever,  at  low  coucciitrolious  of  ( ie  in  Sc,  liotli  models 
seemed  applii  able. 

A  completely  ordered  system  con  exist  ol  the  composi¬ 
tions  ShjScj,  <  ieSfj.  and  <  >e  I  e.,,  where  homliiiR  is 
eompleiely  hetween  dissimilar  ottinis,  which  could  iic- 
ciiuiit  for  slight  inoximo  al  these  ctnnixtsitioiis.’1 
However,  this  necessitates  the  introduction  of  on 
amorphous  cluster  model’*  toot  count  for  the  .mini  plums 
slimline.  On  each  side  of  these  compositions,  oiiiim 
anion  or  cation  cation  bonds  will  lie  formed  catisinR  the 
value  of  /.,  to  progressively  ehoilRC  with  eoiiiposiliiui 
Simil.irly,  ordeiiiiR  into  a  (hrcclold  ctxirdinatiou  at 
ainoiphous  ( ie'IV  has  been  siiRResled”  to  account  foi 
ihcriiindyii.iiiiic  properties  wltii  h  could  he  related  to 
the  iiiiiiiimiiii  we  observe  in  A/'.',,.  Tile  rather  Hot  vorio 


■>  i 
<  .<» 


',,wt 


,.i  .  .  .... 

'  •  I  '  t(  i  .»•  i  *  *  >  r.i  i  i  t*  ft  ,  j 

• .  I  ..  I . 

I'Milim:  .1.  I»c  IV  Sysinii.  ( )|il .mil  llirriu.il  .o  I«v,Hhim  rucr^v 
vs  rum  ]  Nisi  I  it  m.  o,  (as  t|i*(MiMlnt) ;  A,  (lirsi  .iiiur.iH;  O.  / 
(sen  mil  iiiHic.il);  X,  A/*.'*  (.is  tlrpiisiird) ;  o,  A (In si  .niur.iO 

(I.  (sitiohI  *i ii HIM I),  ‘Hit*  ln.sl  •nmr.ilniK  irmiN'raiiiM*  tlnnasi  i 
linr.uly  hum  ?.IU  'V  a  I  ll  .  1 1  IV  In  l  III  *V  .it  .SO  .•  I .  *  j,  IV.  I'u 

snii(ilis  jiir, iin  Hi, in  Ml  .d.',  IV,  llir  In >1  .1  n iK  .ilmi;  lnii|Ki.iiin* 
w.is  100"  C  l  ilt*  st*t  i Mitl  aiiMraliiiK  I«*iii(n  i.iIiiii*  w.is . i |i| *i » »\ in i.i I ri 
50"  liii’lm  uvri  llir  rulin'  i.tiiKf 
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"  ,  I"  ‘ ».«is  ill  mnjei  nl. H  slides  inlii 

Mil,,  Ims  Ur,,  l.,ke„  mill  ill. il  llie  S|,|U.S  (|„ 

'  'll  ""ln"  . . . .  K.,|i  of  Alien,., lively. 

. . '  lll<"  ,l"'  m 1 1 ixliicl inn  of  levels  will,,,,  | |,J 

. . .  .  I-'  ''Iwlf.  I*i,i  il,., |  ll,e  ,„yf 

'  1  •  1 ''"'iilivel  jinsi  I  inn  will,  ,  i  <1  In  llu  levels  is 

‘  ,'"  'llv  i,Ml" »•  l  o"  I  n,  w..ik  ,s  pi;, imed 
1 l.i lr  I lirsr  |  >i  nut  >. 


M 


I 

I 


I  l*.i  k ( 

S|l  ^4', 


I  I*  m|H*«.o  in  •  ili.n-..,  .  i„|  .  . . . . . 

"■  ’  ''  . .  •  -'1,  s«'.  A.  s,  ;  I).  |, 


. . .  1  »  "*lli  . . .  .,|  e.,i  I,  4*„i  I  nf  ,  lie  I  ,e  I  e 

'""l  1  Sr  s's,r,ir.  i  mil. |  |„*  . . .  \\||||  ,,|li(M. 

.  . . '•  •" . 1-lu.n-  pluses'  .illli.in^li.  ,,,  i  Ins  i  ,se. 

W<  w  nil |< |  |i.,\  •  e\|M  .  Ini  .,  in. I,  keil  ,  limiy.  m  1 1,,  x  , 
'""IS  "*  !■»  "Ill'  1 4  >|  1 1 1  >■  i.silinu  mi  .i  n  1 14-.1 1 1 1 1  v;  lln  .  lee 
lin.il  |irn|MT|  ies  X.IIY  less  miiihiiIiIv  uilli  <  nmpiisilimi, 

I . .  ''S  .1  le-.iill  ,,|  simiiu  . . pus,, .  mi.l 

I  in  I  ill  il  <|<  |  lrmlnii 

Inllowmy  ll"'  "nil,  nl  Mm imi  .mil  . . . .  l\.,s| 

ne,.-'  /.ililen  rt  „/  .■"•.iii,|  SI, .ill,.,  rl  we  |.iese„l  1 1,. 

I"H""  l'\ (inlii, sis  II,  e\|il.iin  tin*  . .  nisi  I  inn.,  | 

ili’l ii’inlei it  e  nl  1  lie  eli  i  linin',  slmelnie  nf  lliese  svslenis 

Ai  i lie  i  xlieme  i  lull  n^eii  ii,  It  emt  nf  i lie  svslenis, 
\n*  wniilil  expei  I  I  lie  \.,|eiii,.  It, mil  in  |irinei|i.illy  mise 
1 " lll«'  •"'"'■I'.iii  l>  ImimI.  .uni  l lie  eondii,  linn  l.mnl 

I'luiniullv  .  the  n*  .mliUnulmy  l.mnl  ,,|  Hie 

‘  i'.'1,  . . . lie  . .  S|,  ,il  <  ie  eml  nl 

Hie  i.iii),,e.  we  w  null  I  e\|iei  I  Hie  v.ilenre  I, .mil  tn  jiiin 
1  '  I  *•'  1 1>  ■"  '*se  I  mi  n  Hie  i,  I  niiiiliui;  l.in'l,  mill  Hie,  mi,  In, 
'""I  ('‘"'I  •  lie  .lllllliillilllllK  li.illil.  (In  i In-  ,  ise 

nl  Ml.  I  lie  i  ivei  1 .  1 1 1  nl  Hie  Si  l  level  willi  Hie  riir,,:\  jj.tj « 
Ii.is  I  reel  I  |>in|inseil  in  me, mill  Ini  ils  semiinel.illii 
n.ilnre.  ")  I  linn  (lie  lel.ilive  enei,:\  |>i>silinns  ul  Hie 
nmlei  uliir  si. lies  nl  Sli,  ( .e,  Se,  iiuil  l,i  ,  we  wniilil  ex 

|ieel  .il  llie  in  lei  meiliiiie  inline  nl  eniii|iii.sii  ions  Hi.,  i  tin* 
V: ilenee  I.. mil  arises  priiu  ipolly  fmni  Hie  lime  |..m  /. 
Ii.iml  nl  lire  eli. ill  ngen,  mnl  Hie  eoiuliiel ion  ImimI  hum 
lesnn.i I iiik  Sir  Si*  jt  I, mills  nr  \fi'  liylii iili/eil  i  Se  m 
i  .e  I  e  I  n  mils 

1 1 1  .ivy  eni| ill. isis  w  .is  | il. it  eil  in  Hus  wm  k  mi  Hie  pup. 
"•i  l  inn  .uni  me.isiiremenl  nf  Hie  ( ic-rii  li  ,  umposil inns 
m  Hu-  expei  l;i I  mu  llu,  .,  Hiloe.ili/;, lion  of  lone-p.iir 
/>  -l.Hes  <  i ii i III  lie  olisei xeil.7*  However,  none  \v;is  oli- 
.-eixeil  f 1 1 in i  eitliei  Hie  oplicwl  nr  Ir.msporl  iliil.i.  IVr 
Ii  ips  ,i  lim-simple-iniuiled  view  of  Hie  tr;insl;ition  of  Hie 
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refm"  h&*  bcC"  devcl°P«1  lor  «y»Ul  growth  of  group  V-VI  compounds.  Tin-oaide  coated 
fused  quart/,  lutics  were  used  os  transparent  heating  elements. 


Il  is  fairly  common  practice  to  utilize  a  horizontal  zone 
refiner  to  grow  single  crystals.'  Not  only  can  the  shape  of 
the  freezing  interface  be  conveniently  viewed  (almost  an 
essential  for  good  crystal  growth),  but  also  there  is  the 
additional  convenience  that  some  purification  can  be 
i  fleeted  lie  fore  the  at  tempt  is  nindc  to  grow  a  crystal.  It 
may  lx-  added  that  superior  zone  purification  is  effected  if 
llic  conditions  encourage  good  crystal  growth  since  it  is 
well  known  that  impurities  tend  to  segregate  at  grain 
boundaries. 

If  the  material  has  a  high  vapor  pressure  at  the  melting 
point  or  is  a  compound  with  a  tendency  to  dissociate  at 
the  melting  point,  then  it  becomes  necessary  to  control 
the  temperature  of  the  whole  environment  of  the  material 
in  order  to  suppress  evaporation  or  dissociation.  Evapora¬ 
tion  or  dissociation  still  occurs,  but  a  dynamic  equilibrium 
is  set  up  between  the  melt  and  walls  of  the  vessel  enclosing 
the  ingot.  In  the  case  of  dissociation  of  a  compound,  the 
element  having  the  highest  vai>or  pressure  tends  to  evapo¬ 
rate  preferentially.  The  walls  of  the  enclosure  are  thus 
maintained  at  a  tcmix'rature  which  corresponds  to  a 
higher  va[>or  pressure  for  the  free  element  than  the  pressure 
of  that  element  above  the  compound  at  its  melting  point. 
This  furnace  enclosure  also  acts  as  an  aflerheater,  which 
greatly  assists  in  the  growth  of  single  crystals,  but  often 
obstructs  clear  viewing  of  the  freezing  interface. 

We  have  been  growing  single  crystals  of  antimony 
chalcogenidcs,  e.g.,  Sb2S,,  Sb3Se,,  Sb,Te,,  which  tend  to 
dissociate  on  melting  (melting  points  in  the  range  600- 
7tK)  ( )  and  have  devised  a  system  which  overcomes  the 
difficulty  of  viewing.  A  schematic  diagram  is  shown  in 
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Fig.  1.  The  temperature  of  the  hot  zone  is  sensed  by  a 
Chromel-Alumel  thermocouple  junction  positioned  in  the 
center  of  the  zone  and  susperded  inside  the  inner  furnace 
tube.  The  arms  of  the  thermocouple  extend  from  opposite 
ends  of  the  furnace  tube  and  are  supported  b’  a  frame 
attached  to  the  traveling  zone  carriage.  The  thermocouple 
controls  the  power  supplied  to  the  furnaces,  which  are 
wired  in  series,  through  a  Leeds  and  Northrup  Speedomax 
W  Azar  recorder.  The  compounds  are  sealed  off  inside  an 
evacuated  fused  quartz  capsule  which  is  placed  inside  the 
furnace  tube. 

The  central  feature  of  the  apparatus  is  a  tin-oxide  con¬ 
ductive  coating  on  the  exterior  of  fused  quartz  tubing.* 
This  has  been  utilized  to  provide  both  the  stationary  fur¬ 
nace  tube  enclosing  the  whole  ingot  and  the  shorter  travel¬ 
ing  heater  which  supplies  the  additional  heat  necessary  for 
the  molten  zone.  The  tin-oxide  coating  can  be  made  thick 
(~30-170  fl/square)  while  still  remaining  very  transparent 
(the  growth  interface  can  be  clearly  seen  through  both 
tubes)  and  can  be  operated  cont  auously  at  temperatures 
up  to  700°C  without  deterioration. 

Silver  paste  supplied  by  Engelhard  Industries,  Inc. 
painted  in  strips  around  the  tube  and  fired  on  at  ~600°C 
provides  a  suitable  electrica.  contact  to  the  tin-oxide.  It 
is  essential  not  to  contact  the  tin-oxide  directly  since  hot 
spots  are  forme!  which  craze  the  oxide  coating.  Stainless 
steel  foil  wrapped  and  bolted  around  the  silver  paste  con¬ 
tact  or  stainless  steel  U-shaped  bars  (preferably  gold 
coated)  in  which  the  tube  can  be  nestled  arc  satisfactory. 

The  main  difficulty  experienced  in  the  development  of 
this  apparatus  was  nonuniformity  of  the  tin-oxide  coating. 
For  good  crystal  growth  it  is  essential  that  the  temperature 
conditions  do  not  vary  at  different  parts  of  the  tube,  which 
implies  uniformity  of  conductive  coating.  A  coated  tube 
supplied  by  Corning  Glass  Works,  although  remarkably 
uniform  considering  it  was  hand  coated,  was  inadequate  for 
our  purposes.  Since  better  uniformity  of  coating  was  not 
available,  we  therefore  set  up  a  spray  coating  system 
(using  the  fcrmula  described  in  Ref.  2)  on  a  traveling 
lathe.  The  problem  of  maintaining  the  tube  surface  at 
~520  C  during  spraying  was  overcome  by  inserting  a 
Nichrome  wound  furnace  tube  inside  the  fused  quartz 
tube  to  be  coated  and  relying  mainly  upon  radiant  heat  to 
maintain  the  surface  temperature.  Best  results  were  ob 
tained  with  freshly  mixed  solutions  of  tin-chloride. 
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As  is  well  known,  the  ideal  shape  of  a  freezing  front  is 
slightly  concave,  i.e.,  the  molten  zone  forms  the  shape  of  a 
slightly  concave  lens,  so  that  the  first  part  of  the  front  to 
freeze  does  so  on  the  crystal  nuclei  and  not  on  foreign 
nuclei  on  I  he  walls  of  the  lube.  This  condition  is  easily 
achieved  by  lowering  the  heal  input  to  the  molten  zone 
and  thus  increasing  Ihe  relative  contribution  of  the  liter 
mat  conduction  along  the  bar  to  the  heal  losses.  Too  small 
a  heal  input  will  cause  the  avis  along  the  center  of  the 
molten  zone  to  freeze  across  completely  while  the  edges 
still  remain  molten.  Too  large  a  beat  input  will  give  rise  to 
a  convex  sh;i|H\ 

I'.xantples  of  some  of  the  crystals  grown  in  this  type  of 
apparatus  are  shown  in  f  ig.  2.  The-  shape  of  the  freezing 
fionl  used  on  a  single  crystal  of  Slt-Se,  can  he  seen  in 
f  ig.  2(a)  Ihe  ingot  was  not  uniform  in  cross  section  and 
shows  Ihe  freezing  front  shape  in  a  height  step. 

I'lie  tin  oxide  coaling  is  <|iiile  versatile  as  a  healing  ele 
mcnl  and  s|»eeially  shaped  healing  zones  can  easily  he 
fabricated  by  painting  the  electrodes  to  the  desired  ton 
figuration.  Also,  il  is  comparatively  simple  to  construct  a 
healer  with  multiple  healing  zones  for  rapid  zone  refining 
by  painting  many  electrodes  on  a  tin-oxide  coaled  tube 
and  shorting  out  alternate  coatings. 

I  lie  authors  are  indebted  to  It,  Hanson  for  assistance 
with  temperature  control  and  construction  of  an  electrical 
|)ower  supply  for  the  tin-oxide  lubes. 
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Amorphous  Mims  <if  SbSe,  .  with  11.5  x  !».  were  studied  with  the  MBssImuer  effect.  The  Bpectrn  are 
nil  similar  In  each  other  lint  different  from  Hint  of  crystalline  Sb2Se3.  Despite  the  |x>or  resolution  it  is 
eleur  licit  the  in;il ’ *t*i:i  1  condensed  from  vn|x»r  Is  not  micro-crystalline. 


Anioi*|)lHms  films  of  SbSe,-,  with  0.5  •  x  9 
and  tons  to  microns  thick,  were  prepared  by 
vacuum  evaporation  onto  quartz  substrates  at 
room  temporal ure  and  were  studied  by  use  of 
MOssbauer  resoaance  spectra  taken  at  4°K. 

Films  of  various  composition  were  obtained  by 
partial  evaporation  of  large  quenched  ingots 
having  different  Se  Sb  ratios.  The  compositions 
of  the  films  were  determined  by  electron  micro- 
probe  and  or  A'-ray  emission  spectroscopy.  The 
Se  Sb  ratios  of  ingo  and  film  frequently  were 
found  to  be  quilo  different;  e.g..  an  Sb2Se3  source 
(  r  1.5)  produced  a  film  with  x  =  9.  The  crystal¬ 
line  Sb2Se3  measured  for  comparison  was  in  the 
form  of  a  powdered  sample  of  a  single  crystal. 

The  SIJ2S03  crystal  is  orthorhombic 
•’bnnil|)-,,!l r>;J)  consisting  of  inifinite  chains  par¬ 
allel  In  Ihc'  1  axis.  In  each  unit  cell  are  two 
equally  populated  types  of  Sb  sites  and  three  types 
of  Se  sill's.  The  strongest  bonds  are  within  the 
chains,  where  the  Sb-Se  bond  distances  range 
from  2.T)7(i  to  2.777  A,  while  Ihe  separations  of 
"non  bonded"  Sb-Se  pairs  range  from  2.98  to 
3.74  A  1 1  j.  Two  computer  fits  lo  the  experimental 
MUsshauer  sped  rum  of  a  powdered  sample  of 
crystalline  ShgScj  are  shown  in  fig.l.  The  solid 
line  in  Ihe  upper  plot  is  the  unsuccessful  fit  ob- 
laincd  when  a  single  Sb  lattice  site  was  assumed; 
in  the  lower  plot  the  computer  was  allowed  two 
different  tail  equally  populated  Sb  sites.  The 
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goodness-of-ftt  criterion  shrinks  from  7.3  in 
the  upper  fit  to  1.2  in  the  lower.  In  this  MOss- 
bauer  spectrum,  the  isomer  shifts  for  the  two 
sites  (which  measure  the  over-all  electronic 
charge  density  at  the  nucleus)  were  -4.2  and 
-7.1  mm  s  relative  to  InSb. 

The  spectra  of  amorphous  films  in  the  compo¬ 
sition  range  0.5  •  x  9  were  obtained  at  4°K 
with  a  CaSnCtySb)  source  in  a  conventional 
Mttssbauer  spectrometer.  As  ceen  from  the 
typical  spectrum  shown  in  fig. 2  and  from  the 
results  in  table  1,  the  spectra  for  all  composi¬ 
tions  of  amorphous  SbSe*-  consisted  of  a  single 
peak  at  a  position  intermediate  between  the 
double  peaks  of  the  crystalline  Sb2Se3-  For  a 
single  antimony  site  and  a  pure  quadrupole  inter- 


l’ig.l .  Dunl  littlngi;  lo  the  S|x‘ctrui»  from  crystalline 
tfmhC;,.  (n)  Corresponds  to  n  single  silo  of  Sb,  while  (b) 
eorresixinds  to  two-cqmilly  fxipulnted  sites. 
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Table  I 

Quadrupole  splittings  c'^qQ  ami  isomer  shifts  S  of 
amorphous  nod  crystalline  samples  of  SbSe^.. 


Composition 

c2qQ 

s«) 

.v  Sc  'Hi 

(mm  /s) 

(nim/s) 

li.3 

•J.H 

-14.0 

i.l 

0.7 

-14.4 

2.0 

I0.N 

-13.4 

1.5 

to.o 

-13. G 

n.  5 

11.5 

-13.0 

1 .5<(‘r.vstulltno) 

-12.6 

1  s.l 

-15.5 

As  nieasuroil  relative 

to  11  (':iSii(>3 

source.  Relative 

to  liiSli.  mill  st.  I  nim/see. 

action,  ihe  MOssbaner  spectrum  of  ^lgb  (in 
which  the  transition  is  between  nuclear  levels 
with  spins  4  and  1)  is  an  asymmetric  octet;  but 
lu  the  present  case  the  individual  lines  cannot  be 
resolved  because  the  quadrupole  splitting  Is  not 
large  enough  in  comparison  with  the  natural  line 
width  (2.1  mm  s). 

The  data  for  the  amorphous  films  could  be 
moderately  well  fitted  <  3)  by  assuming  a 
single  site  for  which  each  member  of  the  octet 
has  a  normal  width  (F  =  2.8  mm,  s),  the  quadru¬ 
pole  shift  e2qQ  10.5  t  1  mm  s  and  the  isomer 
shift  Is. S'  -5.1  i  0.5mm/s.  Giving  the  computer 

more  freedom  by  allowing  addliional  sites  could 
furl  er  decrease  x^.  but  the  values  of  e^qQ  and 
S  fo.  the  individual  sites  would  still  fall  within 
the  ranges  given  :  nove.  (For  comparison,  S  = 

-8.0.  0  and  12.3  tnt.i  s  for  SbF3,  InSb  and  the 
(SbFg)'  ion.  respectively:  and  e2qQ  =  18.7  and  0 
for  SI12O3  and  InSb,  respectively  (2|.)  The 
simplest  interpretation  Is  that  In  all  these  amor¬ 
phous  SbSev  films,  regardless  of  their  composi¬ 
tion.  the  nearest  -  neighbor  environment  is  quite 
uniform.  However,  we  do  not  understant  why  the 
MOssbaner  spectra  should  be  so  similar  for  such 
a  wide  range  of  compositions  over  which  consid- 
etable  changes  should  occur  in  the  Sb  environ¬ 
ment 

Taken  logeiher.  the  spectra  show  that  the 
short-range  order  in  SbSc(.  differs  from  that  in  Ihe 
crystalline  solid  and  indicates  llial  Ihe  environ¬ 
ments  of  the  antimony  sites  in  Ihe  amorphous 
solid  are  quite  homogeneous,  i.e  .  Ihey  are  cha¬ 
racterized  by  a  narrow  range  in  coordination 
mniihei  and  in  bond  length.  This  viewpoint  is 
supported  l>v  elect lon-diflr.icl ion  studies  1 3 1 :  in- 
lensily  and  1ad1.1l  disl  nhni  1011  curves  indicate 
llial  holli  ihe  coordination  mnnber  and  the  nearest- 
neiglilhir  distance  decrease  in  t lit'  transition  from 
Hie  crystalline  to  the  amorphous  phase  of  "St^Seg". 
Mocause  ot  the  method  of  preparation  used,  the 
amorphous  phase  was  probably  Se-rich.)  In  con- 
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I  Ig.2.  Cpeetrum  from  u  SbSe2_o  nmorphous  film  fitted 
with  11  single’slte. 

trust,  AS2S3  and  GaAs  in  the  amorphous  phase 
v  ere  shown  to  retain  the  configuration  inherent 
in  the  crystalline  phase. 

Similar  results  have  been  obtained  for 
FefPOolg  In  both  the  glassy  and  the  crystalline 
form  [4 1.  Detailed  analysis  shows  that  the  spectra 
correspond  to  two  sites  for  the  glassy  samples 
but  only  one  for  the  crystal.  The  quadrupole 
splittings  in  the  glass  are  3  and  8  times  those  in 
the  crystal  and  the  line  widths  are  perhaps  4 
times  as  large.  For  iron  phosphate,  therefore, 
the  glass  has  more  sites  and  more  site  distortion 
than  the  crystal.  For  Sb2Se3,  it  is  clear  that  the 
two  sites  seen  in  the  crystal  are  replaced  by 
many  tn  the  glass  but  that  the  properties  of  the 
tatter  sites  are  closely  similar  (little  site  dis¬ 
tortion). 

The  above  results  shed  significant  light  on  the 
nature  of  amorphous  or  glassy  solids.  In  partic¬ 
ular,  they  are  relevant  to  the  controversy  on 
whether  a  solid  condensed  from  a  vapor  is  truly 
a  glass  or  consists  of  microcrystals  -  especially 
for  Sb2Se3  and  other  materials  from  which  the 
glass  cannot  readily  be  formed  by  quenching  from 
a  melt.  The  answer  appears  to  be  that  the  solid 
so  formed  is  not  a  coiiection  of  niicrocrystals 
in  equilibrium  and  therefore  is  presumably  a 
glass. 

The  authors  wish  to  thank  Dr.  C.  W.  Kimball 
lor  many  heipful  discussions. 
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Mossbauer  investigation  of  Snx(As2Se3)i_x  glasses* 
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C.  W.  Kimball  &  C.  Wood 
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MCssbauer  measurements  on  111  Sn  nuclei  In 
Snx(As}Ses)i-x  (x=2-J,  5-0,  80,  and  10  0  at°/0)  glasses 
have  been  made  at  4-2,  77-3,  and  298K  The  chemical 
reactions  suggested  by  Shkolnikov  are  confirmed. 
However,  contrary  to  his  findings,  the  present  esults, 
combined  with  those  of  Borisova  ct  al.,  show  that  the 
chemical  kinetics  are  sensitive  to  the  method  of  prepara¬ 
tion  of  the  glass.  Although  x-ray  measurements  indicate 
that  no  long-range  order  exists  in  the  amorphous 
samples,  the  Mdssbauer  results  indicate  that  the  local 
environment  about  Sn  atoms  is  similar  for  all  composi¬ 
tions;  that  is,  a  high  degree  of  local  chemical  order 
exists.  Moreover,  the  long-range  disorder  in  the  glass 
affects  the  isomer  shift  and  quadrupolar  coupling  at  Sn 
atoms  only  to  second  order.  The  Debye  temperature  for 
Sn  atoms  differs  by  about  40  K  between  the  crystal 
(  '  140 K)  and  the  glass  (~  100 K). 

The  ternary  systems  of  amorphous  chalcogcnidc  semi¬ 
conductors  have  been  the  subject  of  intensive  investiga¬ 
tion  in  the  past.*1- 21  This  class  of  materials  has  recently 
taken  on  more  significance  with  the  discovery  of 
switching  elfects  and  possible  device  applicr  lions. (3> 
The  addition  of  group  IV  elements  to  the  vrscnic 
chalcogenidcs  has  been  found  to  have  significant  effects 
on  softening  temperature,  nticrohardness,  and  electrical 
conductivity.  These  changes  in  the  physical  properties 
have  been  ascribed  to  the  crosslinking  of  the  chain-likc 
structure  by  the  group  IV  element. <■> 

A  Mdssbauer  study  of  1,9Sn  in  SiufAs^Scaji  * 
glasses,  where  x=2-5,  5  0,  8  0,  and  10  at/;  has  been 
made  at  298,  77-3,  and  4  2K.  to  study  further  the  nature 
of  the  glass -crystal  transition  and  the  role  of  the 
group  IV  element  in  a  switching  glass.  The  isomer  shift, 
the  centroid  of  the  absorption  pattern,  reflects  the 
electronic  structure  of  the  Sn  atom  and  its  vibrational 
energy.  The  quadrupolar  interaction  reflects  both  the 
electronic  structure  and  the  noncubic  nature  of  the 
environment  of  the  atom.  In  a  disordered  system 
distributions  of  both  isomer  shift  and  quadrupolar 
coupling  should  occur  and  the  line  breadth  and  shape 
should  reflect  the  dispersion  of  these  distributions.  The 
Debye  temperature  may  Ik  obtained  by  measuring  the 
temperature  dependence  of  the  Mossbauer  absorption. 

*  Vim  reicarch  wit  supported  by  the  Advanced  Research  Projects 
Agency  of  Ihe  Department  of  Defense  and  was  monitored  by  lhe 
Army  Research  Office.  Durham,  under  Contract  No  DA-ARO-D- 
31  127-71 -0 132 
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Experimental 

The  samples  were  prepared  from  99-9999%  grade 
materials.  Arsenic  and  selenium  were  outgassed  by 
subliming  in  a  vacuum  and  then  scaled  in  a  fused 
quartz  ampoule,  in  the  appropriate  ratio,  under  a 
pressure  of  ~10  5  mm  Hg.  The  ampoule  was  placed 
in  a  rooking  furnace  at  630°C  for  about  1 2  h  and  then 
quenched  in  a  brine  solution  at  about  200K.. 

To  prepare  a  single  crystal  of  SnSe2,  high  purity  Sn 
and  outgassed  Se  were  mixed  and  sealed  in  an  evacua¬ 
ted  quartz  ampoule;  excess  Se  was  used  in  order  to 
avoid  a  mixed  phase  of  SoSe  and  SnScg.  The  ingot 
was  placed  in  a  three  zone  furnace  and  the  temperature 
was  slowly  raised  to  680°C  over  a  period  of  four  days. 
One  of  the  end  zones  and  the  middle  zone  were  cooled 
at  4  dej;  C/h  to  solidify  the  ingot  from  one  end. 
Crystalline  SnSc  was  prepared  in  a  similar  fashion 
using  equal  percentages  of  Sn  and  Se. 

All  samples  were  tested  by  x-ray  analysis.  Debye- 
Sherrer  patterns,  using  a  Cu  target,  show  diffuse  bands 
characteristic  of  amorphous  systems  for  x=2-5,  5-0, 
and  8  0.  Similar  patterns  for  the  samples  containing 
10%  Sn  show  the  amorphous  phase  and  have,  in 
addition,  five  lines  of  a  crystalline  phase  of  which  four 
may  be  indexed  as  lines  of  SnSe  as  shown  in  Table  I 
The  crystallised  specimens  containing  10%  Sn  are 
iound  to  be  predominantly  in  the  SnSe  phase. 

The  Mossbauer  absorbers  were  prepared  by  powder¬ 
ing  the  amorphous  compounds  and  encapsulating 
them  in  a  cold-setting  placiic.  The  sample  thicknesses 
were  5-10  mg/cm2  of  natural  tin.  The  Mdssbauer 
source  was  UBSn  in  BaSnOj  at  298K,  and  the  spectra 
were  recorded  with  a  conventional  spectrometer  in  the 
constant  acceleration  mode.  All  data  were  fitted  by 
computer  to  Lorenizian  lines  using  the  least  squares 
method. 


fable  I.  Analysis  of  x-ray  film  for  the  10 %  Sn 
amorphous  sample 
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Figure  1.  The  Mossbauer  spectra  of  amorphous 
samples  at  77-  J  K.  The  solid  line  is  a  least  squares  ft 
to  the  model  described  in  the  test 


Results  and  discussion 

The  elfcct  of  tin  on  the  tuicrohardness  and  conductivity 
of  semiconducting  As  >Se3  glasses  has  been  studied  by 
Shkolnikov. <»  The  hardness  and  conductivity  change 
significantly  after  5/„  Sn  is  added  and  Shkolnikov 
suggested  that  a  chemislry  in  which  SnSe®  occurs  at 
low  tin  concentrations  and  SnSe  al  high  concentra- 
lions  may  account  for  such  behaviour.  None  of  his 
suggested  reactions  contains  any  compound  of  tin 
with  arsenic.  Also,  he  found  that  air  cooled  and 
quenched  Sn  As-Sc  glasses  were  almost  equally 
amorphous.  Borisova  cl  al. 11,1  have  examined  the  ll*Sn 
MOssbauer  cllcct  in  Snv(As-jSc;i)i  ,  glasses  formed  by 
cooling  in  air,  and  concluded  that  only  SnIV  occurred 
in  the  glassy  state  but  that  the  glass  crystal  mixtures 
exhibited  both  the  Sul  I  and  SnIV  absorption  lines. 
The  present  authors  Mossbauer  measurements  on 
Sn  As  Se  glasses  quenched  to  low  temperature  from 
i he  melt,  show  quantitative  dilVerences  in  the  chemical 
kinetics  from  those  observed  by  Borisova  el  al. 

Typical  Mdssbaucr  spectra  at  77  .IK  lor  amorphous 
samples  i  ontaining  2-‘>.  VO.  and  8  0",,  Sn  are  shown  in 
figure  I  anil  lor  those  containing  lt)"„  Sn  in  figure  2. 
Tin  occurs  in  only  one  phase  at  concentrations  of  2-5 
an  i  Vo"  .  but  a  second  phase  appears  in  the  spectra  of 
the  samples  containing  both  NT)  and  10  0", ,.  Although 
the  hunt  of  solubility  ol’iin  m  the  quenched  glassy  state 
has  Ikcii  set  by  Kolomiets  el  <//.""  as  about  7",„  the 
sei  oud  phase  does  not  coriespond  o  either  a-  or  //-Sn. 

I  he  reaction  chemistry  given  by  Shkolnikov*4'  for  low 
Sn  concentrations  is 
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{xSn  + AsSei  j->  xSnSeH  p  ~(8/3)x]  AsSei  s  f 

+  2xAsSe+(2/3)xAs} 
and  for  higher  concentrations 
xSn  fAsSei  s->-xSnSe4-(l  — 2x)  AsSej  5  f2xAsSe. 
As  the  Sn  concentration  increases,  the  Sn  atom  changes 
its  valence  from  +4  to  4  2  and  the  free  As  combines 
with  Se  to  give  a  further  f  crease  in  the  AsSei  5 
content. 

Crystalline  SnSe3  is  trigonal  (Cdh  -C6  type)  and 
all  Sn  atoms  are  in  equivalent  sites;  crystalline  SnSe  is 
orthorhombic  (GeS — BI6  type)  and  all  Sn  atoms  are 
in  equivalent  sites.  A  doublet  is  expected  for  both 
SuSe  and  SnSe2  and  these  spectra  arc  shown  in 
Figure  3.  The  spectra  of  the  amorphous  samples 
co~.aining  low  concentrations  of  tin  arc  similar  to  the 
spectrum  of  SnSe2,  and  at  higher  concentrations  a 
spectrum  characteristic  of  SnSe  appears.  Slight  but 
significant  differences  between  the  patterns  for 
amorphous  and  crystalline  samples  are  discussed 
below.  The  speitra  are  simi.ar  to  those  of  Borisova 
cl  al.,  but  the  relative  quanf.ies  of  SnSe2  and  SnSe  for 
similar  concentrations  of  tin  differ.  Apparently  the 
chemical  kinetics  arc  dependent  on  method  of  sample 
preparation  in  contrast  wi.h  Shkolnikov’s  findings. 
The  dominant  phase  in  the  crystalline  samples  is  SnSe, 
but  this  phase  also  appears  in  the  amorphous  samples. 
X-ray  analysis  shows  no  crystallinity  for  the  8% 
samples  quenched  to  low  temperatures  but  the 
Mdssbauer  patterns  show  the  presence  of  both  SnSe 
and  SnSe2. 

The  Mttssbauer  results  are  given  in  Table  2.  Within 
statistical  error  the  quadruixilar  coupling  and  line 
width  (/’~0  9  mm/s)  are  independent  of  composition 
for  both  SnIV  and  Snll  sites  in  the  amorphous  samples. 
If  the  identity  of  atoms  about  a  given  Sn  atom  were  to 
vary  on  the  basts  of  random  occupation  of  sites,  local 
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licure  2.  The  Miissbauer  spectra  of  amorphous  and 
crystal  line  samples  containing  10 %  Sn  at  77-3K 
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A  small  quantity  of  an  unidentified  third  phase  is  observed  at  <5~0  53  mm/s  with 
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fluctuations  in  composition  would  be  expected  to  lead 
to  a  distribution  of  electric  field  gradient  tensors  and 
a  line  broadening  which  was  dependent  upon  com¬ 
position.17*  The  near  constancy  of  isomer  shift, 
quadru polar  coupling,  and  line  width  are  interpreted 
to  mean  that  the  Sn  atom  has  a  similar  local  environ¬ 
ment  for  all  compositions:  i.e.  a  high  degree  of  local 
order  exists  about  the  Sn  sites  and.  further,  the  local 


0000 

OOiw 

0016^- 

0  034, 

0-0.3 

2  0(UC 

S. 

J  0048 

\  non 

i  „ 

004 
006 
008 
0  10 


(M2 


V-ty&to+J  -.cj4 

v\ 


SnSe- 


SnSe 


\  / 


A, 


u 


-4  0  M)  _3()  on  10  hr  0  0 
Velocity  (mm/s) 

Figure  3,  7 7r<-  Mossbauer  spc<  tru  of  samples  of 
crystalline  SnSes  and  SnSe  ul  77  . IK 


chemical  order  closely  resembles  that  of  SnSe  and 
SnScj  for  Still  and  SnIV  atoms  respec  ively.  Moreover, 
the  symme*  cal,  and  only  slightly  broadened,  lines  for 
Sn  in  the  glass  indicate  that  the  electronic  structure  of 
the  Sn  atom  and  the  electric  field  gradient  at  the  atoms 
are  affected  to  only  second  order  by  the  long-range 
disorder  and  composition  change  in  the  glasses.  The 
long-range  disorder  in  the  amorphous  systems  leads  to 
small,  systematic  differences  in  the  isomer  shift  and 
quadrupolar  coupling  between  amorphous  and  crystal¬ 
line  systems. 

Debye  temperatures,  for  Six  arc  estimated  to  be  from 
the  temperature  dependence  of  the  MOssbauer 
absorption  t?p~145±IOK  in  crystalline  SnSc2,  0p~ 

1 30  J_  I  OK  in  crystalline  SnSe,  0n~lOO±lOK  in  the 
Sn-As-Se  glass  SnIV  and  <?p~90±IOK  in  SnII. 
Within  the  error  of  the  measurement  (±  I0K)  the  same 
Deby*  temperature  fits  the  data  from  4-2  to  and 
from  77-3  to  298K.;  it  is,  therefore,  inferred  that  the 
glass-crystal  transition  takes  place  above  room 
temperature. 
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MOSSBAUER  SPECTROSCOPY  OF  AMORPHOUS  SEMICONDUCTORS  AND 
GLASSES  CONTAINING  ANTIMONY,  TIN,  AND  IRON:  A  REVIEW* 
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ABSTRACT 

A  comprehensive  review  is  given  of  Mossbauer  studies 
of  bond  character,  electronic  structure  and  glass-crystal 
transition  in  amorphous  semiconductors  and  glasses  con¬ 
taining  antimony,  tin  and  iron.  The  isomer  shift  is  cor¬ 
related  with  electron  density  (calculated  from  IIFSCF)  at 
the  tin  nnd  antimony  nuclei  to  delineate  electronic  struc¬ 
ture  in  amorphous  tin  and  antimony  chalcogenides.  The 
Debye  temperature  is  computed  for  tin  chalcogenides.  Com¬ 
prehensive  data  on  Mossbauer  parameters  are  presented 
along  with  an  extensive  bibliography. 

I.  INTRODUCTION 

Mossbauer  measurements  have  become  a  major  tool  for 
the  investigation  of  the  electronic  properties  of  amor¬ 
phous  materials.  In  disordered  systems  distributions  of 
isomer  shift,  quadrupolar  coupling  and  hyperfine  inter¬ 
action  occur.  The  line  breadths  and  shapes  reflect  the 
dispei sion  of  these  distributions.  Isomer  shift  and  quad¬ 
rupolar  splittings  are  related  to  the  valence  state  and 
coordination  of  the  atom  in  the  glass.  The  Mossbauer 
fraction  yields  the  strength  of  the  binding  of  the  Moss¬ 
bauer  atom. 

+Based  on  work  performed  under  the  auspices  of  an  ARPA 
grant  (ARO,  Durham). 


2 


A  brief  discussion  of  current  models  of  amorphous  and 
glassy  systems  is  given.  A  general  review  of  recent  Moss- 
bauer  work  follows.  A  few  typical  studies  are  discussed  in 
detail . 


II.  GENERAL  THEORIES  OF  STRUCTURE  OF  GLASSES 

An  understanding  of  the  structure  of  glass  is  based  on 
a  knowledge  of  how  a  glass  is  formed.  Normally  on  cooling 
a  solution,  crystals  precipitate  at  a  certain  temperature, 
the  liquidus  temperature.  For  glass  forming  materials, 
when  the  temperature  drops  about  100°C  below  the  liqvidus 
temperature,  the  rate  of  growth  of  crystals  becomes  so 
small,  due  to  increased  viscosity  of  the  melt,  that  the 
substance  remains  a  liquid.  As  the  temperature  is  de¬ 
creased  further,  the  viscosity  increases  so  much  that  the 
non-crystalline  structure  is  frozen  in.  The  glass  is  char¬ 
acterized  by  its  non-crystalline  nature  and  a  lack  of  any 
long  range  order. 

According  to  the  random  network  theory  of  Zacharia- 
senl  ),  silica  glass  is  formed  of  three  dimensional  random 
networks  of  alternate  atoms  of  silicon  and  oxygen  in  long 
cross-linked  chains.  The  random  nature  of  these  networks 
causes  each  atom  to  have  a  slightly  different  environment. 
Elements  which  can  form  such  linked  chains  are  called  glass 
formers.  This  random  network  theory  predicts  that  glass 
has  a  very  open  structure  which  is  well  suited  for  holding 
other  elements  called  network  modifiers.  The  crystalline 
theory  of  the  structure  of  glass  proposes  that  glass  is 
made  up  of  move  or  less  deformed  crystals  bound  together 
by  regions  with  a  low  degree  of  order.  This  theory  calls 
for  marked  deviations  in  chemical  composition  of  the  glass 
from  point  to  point.  A  synthesis  of  both  models  is  pro¬ 
bably  necessary  to  correctly  describe  some  glasses.  The 
rardom  network  implies  that  bonds  are  not  all  alike.  Dif- 
terences  between  bonds  can  account  for  the  fact  that  glass 
does  not  have  a  fixed  melting  point,  but  rather  there  is  a 
temperature  rang;  over  which  it  becomes  less  viscous  and 
finally  becomes  a  regular  liquid.  Since  the  viscosity  be¬ 
comes  very  high  as  the  temperature  is  lowered,  strains  and 
inhomogenoities  ar*»  frozen  in  when  the  glass  is  quenched. 

One  of  the  important  tools  in  studying  glass  stricture 
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has  been  x-ray  diffraction.  X-ray  patterns  can  be  analyzed 
to  give  radial  distribution  curves  which  give  the  probabil¬ 
ity  of  finding  a  second  atom  at  a  given  distance  from  the 
first.  One  difficulty  with  x-ray  diffraction  techniques  is 
that  x-rays  are  not  very  selective,  since  the  radial  dis¬ 
tributions  overlap  in  more  complex  systems. 


III.  MOSSBAUER  EFFECT  IN  AMORPHOUS  SEMICONDUCTORS  AND 
GLASSES 

Mossbauer  spectroscopy  has  been  recognized  for  some 
time  as  a  useful  technique  for  obtaining  information  about 
the  structural  behavior  of  antimony,  tin  and  iron  atoms  in 
amorphous  semiconductors  and  glasses.  The  first  observa¬ 
tion  of  the  Mossbauer  effect  in  glass  was  made^by  Poliak 
et.  al.(2)  who  made  a  qualitative  study  of  Fe5  in  fused 
quartz  and  Pyrex  glass.  Subsequent  work  appeared  on  alkali 
silicate,  iron  metaphosphate,  borate  and  phosphate  glasses. 
An  excellent  review  of  this  early  Mossbauer  work  was  pub¬ 
lished  by  Kurkjian(3).  The  present  paper  reviews  the  re¬ 
cent  Mossbauer  studies  on  amorphous  semiconductors  and 
glasses  with  antimony,  tin  and  iron  as  components. 


A.  Antimony:  Amorphous  nnd  Crystalline  Chnlcogenides 

The  VB-VIB  (chalcoger ide)  semiconductors  have  become 
of  substantial  interest  in  recent  years  because  of  potential 
device  applications^ ,5) ,  Optical  and  transport  properties 
have  been  studied  in  both  crystalline  and  amorphous  phases. 
In  crystalline  form  the  semiconductors  of  composition 
(VB) 2 (VIB) 3  have  been  of  greatest  interest (6).  The  system 
(VB)x(VIB)y  can  exist  over  wide  ranges  of  composition  in 
particular  cases  in  amorphous  form.  More  complex  amorphous 
materials  may  be  obtained  by  the  addition  of  elements  from, 
e.g.,  columns  IV  and  VII  of  the  periodic  table.  Amorphous 
materials  with  Sb  as  the  VB  component  may  be  studied  by 
Mossbauer  spectroscopy  (Sb^l)  yielding  structural  informa¬ 
tion  (e.g.,  stereochemical  changes  on  the  crystalline  to 
amorphous  transition)  and  valuable  insight  into  the  chemi¬ 
cal  bonding  in  these  materials.  The  latter  is  particularly 
important  since  (VB) 2 (VIB) 3  compounds  crystallize  in  a  var¬ 
iety  of  complex  crystal  structures  (see  below)  obviating, 
for  the  present,  band  structure  calculations,  and  the  pro- 
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perties  of  these  materials  must  be  interpreted  with  phc 
enological  models  based  upon  the  assumed  chemical  bondim 
and  its  systematic  variation^) .  Mossbauer  studies  have 
been  made  on  Sb20z  in  both  cryst.  lline  and  amorphous  form 

anrfLRnu  e?ow'  V'  Sl>2S3  haS  beeT1  investi8ate<*  by  Stevens 
and  Bowen 0)  both  as  a  crystal  and  as  an  amorphous  solid. 
Sb2Se3  has  been  studied  by  Ruby  et .  al.OO)  in  both  crystal. 
line  and  amorphous  form  and,  in  addition,  these  investiga¬ 
tors  performed  Mossbauer  measurements  on  a  series  of  SbxSev 
compositions  in  amorphous  form.  Sb2Te3  has  been  invest!-  Y 
gated  in  its  crystalline  form  by  Birchall  and  Della  Valle(H). 
The  results  of  these  investigations  as  well  as  those  from 
work  on  associated  compounds (8, 9)  are  summarized  in  Table  I. 

Since  the  Sb2X3  compounds  and  their  amorphous  forms  are 
typical  of  VB-VIB  materials,  Mossbauer  results  can  contri¬ 
bute  to  the  elucidation  of  the  chemical  bonding  and  stereo¬ 
chemistry  ot  these  materials.  With  this  in  mind  crystal 
structures  of  the  Sb2X3  compounds  are  briefly  described  in 
conjunction  with  Mossbauer  results  on  both  crystalline  and 
amorphous  samples. 

Sb203  crystallizes  in  two  polymorphs.  a-Sb203  is  a 
complex  cubic  structure  with  space  group  Fd3m  with  16  SboOz 
units  in  the  unit  cell (12).  As  is  seen  in  Table  I,  the 
isomer  shift  and  quadrupolar  coupling  in  the  amorphous 
Sb203  closely  correlate  to  those  in  the  cubic  crystal.  The 
orthorhomb ic- Pccn  polymorph  has  also  been  investigated  by 
Long  et.  al.(»)  and  has  virtually  identical  isomer  shift. 

Sb2S3,  stibnite,  crystallizes  in  a  complex  orthorhom¬ 
bic  structure  with  space  group  Pnma  with  four  Sb2S3  units 
in  the  unit  cell  and  two  non-equivalent  Sb  sitesUS).  As 
is  made  clear  by  Stevens  and  Bowen(9),  these  two  Sb  sites 
weie  not  resolved  in  their  Mossbauer  study  (it  should  be 
noted  that  their  crystalline  materials  were  not  precisely 
stoichiometric).  On  the  crystalline  to  amorphous  transi¬ 
tion  there  is  an  apparent  variation  in  the  isomer  shift  but 
this  is  difficult  to  interpret,  since  the  two-site  spectrum 
was  not  resolved  in  the  experiment  on  the  crystalline  mate¬ 
rial  . 

Sb2Se3  crystallizes  in  the  same  structure  as  Sb2S3(^) 
(with  virtually  identical  lattice  constants)  and  thus  also 
has  two  non-equivalent  Sb  sites.  Ruby  et.  al.(10)  were 
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I'iguro  1.  Spectrum  from  (a)  crystalline  Sl^Soj  corresponds 
to  a  single  sito  oi'  Sb,  (b)  corresponds  to  two  equally  pop¬ 
ulated  sites,  (c)  SbSe2,o  amorphous  film  fitted  with  single 
site.  (From  Ruby  at.  ai.)*® 

able  to  resolve  the  contributions  from  these  two  different 
sites  in  both  isomer  shift  and  quadrupolar  coupling.  In 
comparing  the  results  on  the  crystalline  and  amorphous  ma¬ 
terials  (see  Figure  1)  these  workers  concluded  that  it  was 
impossible  to  fit  their  amorphous  spectrum  with  any  two 
Sb-site  model.  Their  result  indicates  a  distribution  of 
antimony  sites  in  the  amorphous  material  with  nearly  iden¬ 
tical  short  range  environment.  Moreover,  the  Mossbauer 
parameters  are  close  to  the  average  of  the  crystalline  par¬ 
ameters.  The  snino  workors  found  only  nmall  changes  in 
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Mossbauer  spectra  with  composition  through  a  series  of  amor¬ 
phous  materials  of  the  type  SbxSey.  Since  the  composition 
varied  over  a  broad  range  they  were  unable  to  explain  this 
insensitivity. 

Sb2Te3  crystallizes  in  a  trigonal  (rhombohedral)  struc¬ 
ture  of  space  group  R3m  having  a  single  antimony  site  in 
the  unit  cell  0  5).  its  isomer  shift  as  measured  by  Birchall 
and  Della  ValleOl)  is  larger  than  the  mean  isomer  shift  in 
Sb2Se3.  As  the  materia*  is  difficult  to  prepare  and  main¬ 
tain  in  the  amorphous  phase,  no  Mossbauer  data,  as  yet,  has 
been  obtained  on  amorphous  Sb2Te3. 

Much  speculation  has  been  made  about  the  chemical  bond¬ 
ing  in  the  chalcogenide  semiconductors (7 , 13 ,14 , 16,17) .  Most 
of  this  lias  been  based  upon  crystallographic  structure  in 
these  materials  and  their  optical  properties.  Kastner (18,19) 
following  the  classic  work  of  Phillips(20)  and  Van  Vech- 
ten(21)  on  the  tetrahedral  semiconductors,  has  interpreted 
the  optical  response  of  several  chalcogenide  semiconductors 
in  terms  of  a  simplified  chemical  bonding  model.  In  this 
model  the  higher  occupied  electronic  states  are  assigned  to 
lone  p-pair  (L.P.)  non-bonding  orbitals  on  the  chalcogen 
atoms  while  the  bonding  (o)  orbitals  form  deeper  valence 
states.  The  highest  s  electrons  of  both  the  group  V  and 
group  VI  atoms  are  well  below  the  o  states  in  energy  and 
may  be  regarded  as  core  states.  The  conduction  band  is 
composed  of  the  a* (anti-bonding)  states  associated  with  the 
o(bonding)  orbitals.  The  o-orbitals  are  thought  to  be  es¬ 
sentially  p-type  with  little  or  no  s-p  hybridization  oc- 
curring(22),  in  this  picture  the  lone  p-pairs  are  sensi¬ 
tive  to  the  "ionicity"  (electron  transfer)  in  the  material 
and,  it  is  speculated (19) ,  draw  nearer  to  the  o  bonding 
states  as  the  ionicity  increases.  The  optical  measurements 
on  the  series  Sb2X3  (X  °  0,  S  and  Se) (23,24,25)  indicate 
decreasing  ionicity  as  the  chalcogen  increases  in  atomic 
number.  This  is  inferred  from  the  qualitative  trend  of  the 
main  absorption  bands  in  these  materials  to  separate  fur¬ 
ther  (these  bands  arise  from  the  L.P.  -*■  o*  and  a  -*■  a*  tran¬ 
sitions)  as  the  chalcogen  varies  from  0  to  Se.  The  optical 
data  for  Sb2Te3  suggests(26)  that  the  chemical  bonding  in 
this  compound  is  somewhat  different  from  that  of  the  other 
Sb  chalcogenides .  Based  upon  the  measured  isomer  shifts  of 
these  materials,  it  is  concluded  that  the  charge  density  at 
the  Sb  nuclei  increases  in  magnitude  in  the  sequence  0,  S, 
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Se  to  Te  in  Sb2Xj.  One  can  estimate  the  p  electron  con¬ 
figuration  of  Sb  on  the  basis  of  the  Hartree-Fock  calcula¬ 
tions  of  Ruby  et.  al.(27).  if  one  assumes  that  the  deep- 
lying  5s2  electrons  remain  unaffected,  then  the  result  of 
this  procedure  indicates  increased  Sb  X  electron  transfer 
in  the  order  0,  S,  Se  and  Te.  This  conclusion  is  contra¬ 
dictory  to  that  from  the  optical  data. 

Upon  the  transition  to  the  amorphous  state  only  small 
differences  in  isomer  shift  are  found  between  crystal  and 
amorphous  material.  This  tends  to  corroborate  the  insensi¬ 
tivity  of  the  deep  Ss2  electrons  to  the  details  of  the 
chemical  bonding  in  these  materials  which  is  understood 
principally  in  terms  of  p-bonding  without  significant  s-p 
hybridization(22) .  it  should  be  emphasized  that  the  chal- 
cogenide  semiconductors  both  as  crystals  and  as  glasses  are 
in  an  early  stage  of  understanding  of  their  detailed  struc¬ 
ture.  Much  additional  work  on  Mossbauer  spectra  and  its 
comparisons  with  other  measurements  will  be  necessary  in 
order  to  establish  more  precisely,  the  stereochemistry  and 
electronic  structure  in  these  materials. 


B.  Tin:  Amorphous  Chalcogenide  Semiconductors 

The  ternary  system,  Sn-As-Se  has  recently  taken  on 
technological  significance  with  the  discovery  of  switching 
effects  and  possible  applications(28) ,  The  addition  of 
group  IV  elements  to  the  arsenic  chalcogenidcs  has  been 
found  to  have  significant  effects  on  softening  temperature, 
microhardness  and  electrical  conductivity.  These  changes 
in  the  physical  properties  have  been  ascribed  to  the  cross- 
linking  of  the  chain-like  structure  by  the  group  IV  ele¬ 
ments  (29) . 

Mossbauer  studies  in  the  amorphous  Sn-As-Se  have  been 
made  by  Borisova  et.  al.(30)  and  Taneja  et.  al .  C 31 )  at 
various  concentrations  and  temperatures.  The  nature  of  the 
glass-crystal  transition  and  the  role  of  the  group  IV  ele¬ 
ments  An  the  microchemistry  of  a  switching  glass  have  been 
studied.  Mossbauer  studies  in  this  system  have  also  been 
made  by  Vasil'ev  et.  al .  C32 )  and  Bartenev  et.  al.(33). 

The  effect  of  tin  on  the  microhardness  and  conductivity 
of  semiconducting  kS2Se$  glasses  had  been  studied  by  Shkol- 
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nikov(34)<  The  hardness  and  conductivity  change  signifi¬ 
cantly  after  5%  Sn  is  added.  Shkolnikov  suggested  that  a 
chemistry  in  which  SnSe2  occurs  at  low  tin  concentrations 
and  SnSe  at  high  concentrations  may  account  for  such  beha¬ 
vior.  Also,  he  found  that  air  cooled  and  quenched  Sn-As-Se 
glasses  were  almost  equally  amorphous.  Borisova  et.  al.(30) 
have  examined  the  Snll9  Mossbauer  Effect  in  Sn-As-Se  glass¬ 
es  formed  by  cooling  in  air  and  concluded  that  only  Sn  IV 
occurred  in  the  glassy  state  but  that  the  glass-crystal 
mixture  exhibited  both  the  Sn  II  and  Sn  IV  absorption  lines. 

Figure  2a  shows  the  Mossbauer  spectra  of  Taneia  et . 
al.(31)  at  liquid  nitrogen  temperature  for  amorphous  samples 
containing  2.5%,  5.0%  and  8%  Sn.  Figure  2b  shows  Mossbauer 
spectra  of  10%  Sn  in  amorphous  and  crystalline  form(31). 

Tin  occurs  in  only  one  phase  at  concentrations  of  2.5  and 
5.0\,  but  a  second  phase  appears  in  the  spectra  of  the  sam¬ 
ples  containing  8.0  and  10.0%  Sn.  This  result  is  consist¬ 
ent  with  the  limit  of  solubility  of  tin  (^7%)  in  the 
quenched  glassy  state  set  by  Kolomiets  et.  al.(35),  fha  re¬ 
action  chemistry  given  by  Shkolnikov  (34)  for  iow  sn  concen¬ 
trations  is 

xSn  ♦  AsSei.s  -  xSnSe2  ♦  (l~x)AsSe1>5  ♦  2xAsSe  +  -xAs 

3  3 

and  for  higher  tin  concentrations 

xSn  ♦  AsSe1-5  ■>  xSnSe  ♦  (l-2x) AsSex , 5  ♦  2xAsSe. 


As  the  Sn  concentration  increases,  the  Sn  atom  changes 
its  nominal  valence  from  +4  to  ♦ 2  and  the  free  As  combines 
with  Se  to  give  a  further  increase  in  the  AsSej.s  content. 
None  of  the  suggested  reactions  contain  any  compound  of  tin 
with  arsenic. 

Crystalline  SnSe2  is  trigonal  (Cd^-Cfc  type)  and  all 
Sn  atoms  are  in  equivalent  sites;  crystalline  SnSe  is  or¬ 
thorhombic  (GeS-Big  type)  and  all  Sn  atoms  are  in  equiva¬ 
lent  sites.  A  doublet  is  expected  for  both  SnSe  and  SnSeo 
(Figure  2c). 

The  spectra  of  amorphous  samples  of  low  concentrations 
of  tin  are  similar  to  the  spectrum  of  SnSe2  and  at  higher 
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Fipre  2.  Mossbauer  spectra  )f  (a)  amorphous  samples  containing  2.5%,  5%  and  8%  Sn 
(b.)  amorphous  and  crystalline  samples  containing  10%  Sn  (c)  crystalline  SnSe2  and 
SnSe,  all  at  77.3  ...  (from  Taneja  et.  al.)31 


concentrations  a  spectrum  characteristic  of  SnSe  appears. 

The  spectra  shown  are  similar  to  those  of  Borisova  et. 
al.(30)  but  the  relative  quantities  of  SnSe2  and  SnSe  for 
similar  concentrations  of  tin  differ.  Apparently,  the 
chemical  kinetics  are  dependent  on  the  method  of  sample 
preparation  in  contrast  with  Shkolnikov's  findings.  The 
dominant  phase  in  the  crystalline  samples  is  SnSe  but  this 
phase  also  appears  in  the  amorphous  samples.  X-ray  analy¬ 
sis  shows  no  crystallinity  for  the  8%  samples  quenched  to 
low  temperatures,  but  the  Mossbauer  patterns  show  the  pre¬ 
sence  of  both  SnSe  and  SnSe2- 

The  Mossbauer  results  are  given  in  Table  II.  Within 
statistical  error  the  quadrupolar  coupling  and  line  width 
(r  3  0.9  mm/ sec)  are  independent  of  composition  for  both 
SnIV  and  SnII  sites  in  the  amorphous  samples.  The  near 
constancy  of  isomer  shift,  quadrupolar  coupling,  and  line 
width  is  interpreted  to  mean  that  the  Sn  atom  has  a  simi¬ 
lar  local  environment  for  all  compositions;  i.e.,  a  high 
degree  of  local  order  exists  about  Sn  sites  and,  further, 
the  local  chemical  order  closely  resembles  that  of  SnSe  and 
SnSe 2  for  SnII  and  SnIV  atoms,  respectively.  Moreover,  the 
symmetrical,  and  only  slightly  broadened,  lines  for  Sn  in 
the  glass  indicate  that  the  electronic  structure  of  the  Sn 
atoms  and  the  electric  field  gradient  at  the  atoms  are  af¬ 
fected  to  only  second  order  by  the  long- range  disorder  and 
composition  change  in  the  glasses.  The  long-range  disorder 
in  the  amorphous  system  leads  to  small,  systematic  dif¬ 
ferences  in  the  isomer  shift  and  quadrupolar  coupling  be¬ 
tween  amorphous  and  crystalline  systems. 

From  the  temperature  dependence  of  the  Mossbauer  ab¬ 
sorption,  Taneja  at.  al. (31)  estimate  the  Debye  tempera¬ 
ture  for  Sn  to  be  Op  3  (145  ±  10) K  in  crystalline  SnSe2, 

0p  3  (130  i  10) K  in  crystalline  SnSe,  and  0p  -  (100  ±  10)K 
as  SnIV  and  0p  3  (90  ±  10)K  as  SnII  in  Sn-As-Se  glass.  It 
is  inferred  from  the  temperature  dependence  of  the  0p  that 
the  glass-crystal  transition  takes  place  above  room  temper¬ 
ature  . 

The  Ha  tree-Fock  calculations  of  Ruby  et.  al.(27)  and 
measured  isomer  shift  indicate  that  the  electronic  struc¬ 
ture  of  SnIV  in  the  above  systems  closely  corresponds  to 
that  of  a-tin  (sp^) .  SnII  has  a  shift  which  is  close  to 
the  tin  halides,  namely,  between  SnCl2  and  SnF2- 
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Vasil'ov  cl.  al.(32)  concluded  from  their  Mossbauer 
studies  that  in  case  of  the  glass  AsSei.sSno.3  (excess  se¬ 
lenium)  ,  the  structure  of  the  glass  network  is  oainly 
formed  from  structural  VsSej/-  nnits  joined  by  selenium 
bridges 

/Se- 

As-Se-Se- 

vSe- 

whereas  in  the  case  of  glass  with  selenium  deficit  (AsSe 
Sno.os)  the  structural  units  are  As2Se4/2  with  As-As  bonds, 


-Se 

-Se 


^As-As 


^-Se- 

*^As< 


Furthermore,  the  immediate  environment  of  tin  in  glass  is 
similar  to  that  of  SnSe2,  i.e.,  the  Sn  atoms  form  struc¬ 
tural  SnSe^yj  units  in  the  glass. 

C.  Tin:  Silicate,  Borate  and  Phosphate  Glasses 

Mossbauer  studies  of  alkali  tin  silicate  and  borate 
glasses  have  been  made  by  several  workers (36-40) ,  Moss- 
bauer  spectra  of  glasses  containing  tin  differ  from  the 
spectrum  of  Sn02  by  a  small  chemical  shift  and  slightly 
broader  width(36).  Mitrofanov  and  Sidarov(37)  noted  the 
absence  of  quadrupolar  splitting  in  silicate  glasses  and 
only  a  small  splitting  in  borate  glasses.  In  alkali  free 
glasses  tin  is  present  as  SnII  but  in  alkali  glasses  no 
3nII  is  found.  Cvestrop'ev  et.  al.(40)  studied  the  al¬ 
kali-  tin-  (sil  icate  ,  borate,  germanate  and  phosphate)  glass¬ 
es  and  measured  the  temperature  dependence  of  Mossbauer 
fraction  f  for  some  of  these  glasses  as  well  as  th^  f  de¬ 
pendence  on  the  composition.  Evestrop'ev  ct.  al.v  0)  find 
that  the  temperature  dependence  of  f  for  Sn02  fitr  well 
into  the  framework  of  the  Debye  model,  whereas  the  f  de¬ 
pendence  for  N  u)2-Sn02-Si02  glass  is  complex.  They  ob¬ 
served  similar  behavior  dn  other  silicate  glasses  and  ex¬ 
plained  this  behavior  with  a  model  in  which  tin  containing 
glasses  are  formally  considered  as  systems  containing  tin 
atoms  as  impurities. 
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Table  III 


Composition  of  Glass 

6* 

(mm/sec) 

A 

(mm/sec) 

Na20-Sn02-Si02 

-0.20  ±  0.05 

0.40  ±  0.07 

Na20-Sn02-B203 

-0.10  i  0.05 

0.60  ±  0.07 

Na20-Sn02~Ge02 

-0.06  i  0.05 

0.50  ±  0.07 

Na20-Sn02-Ge02 (crystal) 

-0.10  ±  0.05 

0.30  ±  0.07 

Na20-Sn0-P20g 

3.60  i  0.05 

1.80  ±  0.07 

*  I.S.  relative  to  CaSnOj. 

Table  IV 

l'a  rtinotcrs  of  Mossbauor  Spectra  of  Glasses 
Na20-Sn02~Si02  Produced  Under  Reducing  Conditions (40) 

Composition  <5*,SnII 
of  Glass  (mm/sec) 

5*,SnIV  AEQ  SnII/ 

(mm/sec)  (mm/sec)  SnIV 

13%-35%-52%  2.8  ±  0.05  • 

-0.2  ±  0.05  1.75  ± 

0.07  1.10 

1 3% -5% - 82%  2.8  ±  0.05  ■ 

-0.2  +  0.05  1.75  ± 

0.07  0.85 

*  I.S.  relative  to  CaSnOj. 


?rro 


15 


For  silicate  and  borate  glasses  f  was  found  to  de¬ 
crease  with  increasing  Na20  or  Sn02  content.  For  germanate 
glasses  f  does  not  depend  on  the  composition.  Table  III 
presents  the  data  on  the  chemical  shift  and  quadrupole 
splitting  fo\*  glasses  prepared  under  oxidizing  conditions. 
The  chemical  shift  for  silicate,  borate  and  germanate 
glasses  corresponds  to  that  of  SnIV;  although  the  shift 
dif/ers  somewhat  from  that  of  Sn02.  The  presence  of  only 
a  snail  quadrupolar  splitting  in  silicate,  borate  and  ger¬ 
mane;  e  glasses  is  interpreted  by  these  workers to  imply 
the  existence  of  long-range  order  in  these  glasses.  Tin 
occurs  only  as  SnII  in  phosphate  glasses.  When  the  glass  is 
formed  under  reducing  conditions,  SnII  appears  even  in  sili¬ 
cate  glasses  (Table  IV)  and  the  fraction  of  SnII  increases 
with  increasing  Sn  concentration  in  the  glass.  Evstrop'ev 
et.  al.  concluded  that  at  sufficiently  high  concentrations 
of  tin,  SnII  also  appears  in  silicate  glasses  formed  under 
oxidizing  conditions.  Thus  the  chemical  equilibrium  which 
exists  in  these  glasses  between  SnIV  and  SnII  is  displaced 
towar<  SnII  as  the  tin  content  is  increased. 

Bartenev  et.  al.C39)  also  studied  the  alkali-tin- 
silicate  glasses.  A  negative  chemical  shift  indicates  an 
increase  in  the  degree  of  ionicity  of  Sn-0  bonds  through 
the  series  of  Li-Na-K  glasses.  The  ionic  character  of  the 
chemical  bond  increases  in  these  glasses  with  an  increase 
in  cation  radius  of  alkali  metal.  From  the  temperature  de¬ 
pendence  of  f  values  it  was  concluded  that  the  rigidity  of 
the  bonds  decreases  with  increasing  ionicity  of  the  chemi¬ 
cal  bonds  in  alkali  silicate  glasses. 


D.  Iron:  Amorphous  Alloys 

Mossbauer  studies  have  been  made  to  examine  the  nature 
of  magnetism  in  amorphous  alloys.  Tsuei  et.  al.(41)  and 
Bonder  et.  al.(42)  have  measured  the  magnetic  hyperfine 
field  as  a  function  oi  temperature  and  composition  in  amor¬ 
phous  Fe-T-C. 

The  Mossbauer  spectra  of  alloys  at  different  phosphorus 
concentrations (42)  are  shown  in  Figure  3.  The  lines  of  the 
magnetic  hyperfine  pattern  are  found  to  be  greatly  broadened 
in  the  amorphous  alloys  relative  to  those  in  pure  iron  (Fig¬ 
ure  3a).  The  broadening  is  attributed  to  disorder  in  the 
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Figure  3.  Mossbauer  spectra  of  amorphous  alloys  of  iron 
and  phosphorus  at  295  K.  Phosphorus  content:  a  -  pure 
iron,  b  -  9.0,  c  -  12.4,  d  -  16.8,  e  -  19.6  and  f  -  24.4% 
(From  Bonder  et.  al.)42. 


neighbor  shells  about  an  Fe  atom  and  to  the  spread  in  inter 
atomic  distance  of  these  neighbors  throughout  the  amorphous 
alloy. 

The  mean  field  at  Fe  nuclei  diminishes  linearly  as  the 
phosphorus  concentration  increases  (see  Figure  4a).  The 
effective  hyper fine  field  (Heff)  is  found  to  depend  mainly 
on  the  nearest  neighbor  environment  of  Fe  atoms.  Bonder 
et.  al.(42')  explain  the  reduction  in  field  and  an  increase 
in  the  shift  with  increasing  concentration  in  terms  of 
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Figure  4.  (a)  Concentration  dependence  of  the  effective 

hyperfine  splitting  in  iron-phosphorus  alloy,  (b)  Moss- 
bauer  spectrum  of  alloy  at  295  K  with  19.6%  P.  (From 
Bonder  et.  k’%.)42 


transfer  of  electrons  from  P  r  at<;ms  to  the  3d  band  in 
Fe.  The  solubility  of  phosphorus  in  iron  at  room  tempera¬ 
ture  is  less  than  1%,  The  amorphous  alloys  of  iron-phos¬ 
phorus  are  therefore  metastable  and,  with  annealing,  trans¬ 
form  into  a  mixture  of  crystalline  phases.  Figure  4b  shows 
the  Mossbauer  spectrum  of  such  a  sample  with  19.6%  phos¬ 
phorus,  annealed  at  673  K  for  one  hour.  The  spectrum  fits 
well  to  a  combination  of  the  absorption  pattern  of  o-iyon 
Fe3P  and  Fe2P. 
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Figure  5.  Mossbauer  spectra  of  amorphous  FevrdRn  vSi™ 
alloys  at  liquid  helium  temperature  (From  Sharon  and  20 


Tsuei)43 


Sharon  and  lsuejC43)  have  made  similar  measurements 
on  Fe-Pd-Si  amorphous  alleys  at  4.2,  77  and  29S  K  with 
varying  concentration  of  Fe  and  Pd.  Above  T.  the  presence 
of  many  non-equivalent  Fe  positions  in  the  random  alloy 
give  rise  to  a  superposition  of  many  isomer  shifted  quad- 
rupolar  patterns  which  result  in  an  asymmetric  total  pat¬ 
tern.  r 

Figure  5  shows  the  magnetic  hyperfine  patterns  of 
amorphous  Fe  Pd-Si  alloys  at  4.2  K.  To  a  good  approxima¬ 
tion  the  electric  quadrupole  interaction  has  vanished  in 


these  spectra.  The  fact  that  six  peaks  are  clearly  re¬ 
solved  and  quite  symmetric  in  shape  suggests  that  the  hyper- 
fine  field  distribution  is  rather  narrow  and  also  symmetric 
about  its  average  value.  The  data  were  fitted  with  a 
Gaussian  distribution  of  fields: 


P(H)  -  ~r~, 

^TTAq2 


exp  (- 


(H-Ho)2 

2^o2 


where  H0  and  A0  are  average  hyperfine  field  ana  standard 
deviation  respectively.  These  values  along  with  the  line 
widths,  average  isomer  shift  and  quadrupole  splitting  are 
listed  in  Table  V. 


Table  V 


Values  of  line  width  (r1#  r2),  quadrupole  splitting  (A) 
isomer  shift  (6)  hyperfine  field  (H0)  and  standard  deviation 
(A0)  for  amorphous  Fe-Pd-Si  alloys  (From  Sharon  §  Tsuei)43 


Composition 

rla 

(mm/sec) 

1  2 

(ram/ sec) 

Aa 

(mm/sec) 

6a 

(mm/sec)* 

H0b 

(koe) 

Aob 

(koe) 

FelPd79si20 

0.348 

0.394 

0.413 

-0.095 

Fe3Pd77si20 

0.  398 

0.406 

0.431 

-0.088 

226.5 

18.8 

Fe5Pd77Si2o 

0.447 

0.471 

0.466 

-0.070 

240.8 

16.2 

Fe7Pd73Si20 

0.485 

0.516 

0.544 

-0.047 

248.3 

20.6 

a  measurements  at  295  K 
b  measurements  at  4.2  K 
+  isomer  shift  relative  to  Co$7  in  Cu 


Sharon  and  Tsuei(43)  proposed  a  model  in  which  the  Pd 
atoms  play  very  little  or  no  role  in  the  magnetic  ordering. 
In  terms  of  a  band  picture,  the  Fermi  level  is  high  enough 
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Figure  6.  Mossbauer  spectra  of  amorphous  FeCl2  sample  at 
35,  100  and  350  K  (From  Boyle  et .  al.)44. 


so  that  the  states  which  arise  from  the  4d  orbitals  of  Pd 
are  completely  filled;  electron  transfer  from  Si  fills  the 
d  holes  of  Pd.  The  magnetic  interaction  between  Fe  atoms 
takes  place  via  the  conduction  electrons  and  is  locally 
ferromagnetic. 

Boyle  et.  al.(44)  have  studied  the  temperature  depend¬ 
ence  of  magnetic  hyperfine  field  of  amorphous  FeCl2  t0 
examine  the  sharpness  of  the  magnetic  transition.  The 
Curie  temperature  is  found  to  be  22  K.  The  quadrupolar 
splitting  observed  at  24  K  is  ^2.5  times  the  value  found  in 
crystalline  FeCl2.  At  8  K  an  average  hf  field  of  about 
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85  koe  is  present  in  addition  to  the  quadrupole  interaction 
found  at  24  K.  At  15  K  the  magnetic  hf  field  is  reduced 
to  45  koe. 

Figure  6  shows  the  Mossbauer  spectrum  of  an  amorphous 
FeCl2  sample  upon  warming  well  above  the  critical  tempera¬ 
ture.  Three  distinctly  different  quadrupole  spectra  ap¬ 
pear  which  are  denoted  by  A,  B  and  C.  A  pure  quadrupole 
spectrum  A  (with  e^qQ  ■  5.3  mm/sec)  is  observed  immediately 
above  Tc.  At  about  30  K,  the  spectrum  B  (with  e^qQ  »  3.2 
mm/sec  at  77  K)  starts  to  grow  in.  Around  380  K  the  sample 
is  largely  converted  into  phase  B,  but  at  the  same  time 
phase  C  begins  to  appear.  Conversion  to  C  is  achieved  at 
about  400  K.  The  quadrupolar  splitting  of  phase  C  (e^qQ  ■ 
1.7  mm/scc  at  300  K)  identifies  this  phase  to  be  crystal¬ 
line  FeCl2*  Recooling  to  8  K  produces  a  spectrum  which  is 
typical  of  anti  ferromagnetic  crystalline  FeCl2. 

Boyle  et.  al.  conclude  that  there  exists  a  sharp  mag¬ 
netic  transition  in  amorphous  FeCl2,  that  the  amorphous 
system  transforms  to  crystalline  FeCl2  via  an  intermediate 
phase,  and  that  the  transformation  is  irreversible.  Sim¬ 
ilar  behavior  was  observed  in  other  amorphous  halides. 


E.  Iron  in  Glasses 

The  behavior  of  iron  in  glasses  has  been  discussed  in 
detail  by  Kurkjian(3) .  Consequently,  only  a  brief  dis¬ 
cussion  of  later  work  will  be  given.  As  pointed  out  by 
Kurkjian,  the  structural  picture  of  iron  in  glass  is  quite 
complicated.  The  Mossbauer  results  on  iron  silicate  glass¬ 
es  (45)  (  iron  borate  glasses (46)  and  iron  borosilicate 
glasses (47,48)  haVe  been  compiled  in  Table  VI. 

Bukrcy  et.  al.(46)  made  Mossbauer  measurements  to 
identify  crystal  formation  in  the  iron-borate  glass  system 
containing  up  to  35  wt  %  Fe203.  Figure  7  shows  their  Moss¬ 
bauer  absorption  spectra  of  Fe^*  in  paramagnetic  Na20-B203- 
•e2^3  glass  at  room  and  liquid  nitrogen  temperatures.  The 
spectra  remain  unchanged  over  the  range  10-30  wt  %  Pe203. 

The  main  feature  of  the  spectra  of  all  these  glasses  was  a 
resolved  quadrupole  doublet.  Bukrey  et.  al.  attributed 
the  significant  broadening  in  width  to  incomplete  relaxation 
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Table  VI 


Mbssbauer  Parameters  for  Some  Complex  Glasses 


Composition 

<5* 

(mm/sec) 

4 

(mm/sec) 

r 

(mm/sec) 

Iron-Silicate- 
Glasses  (with 
7-15  wt%  of 
Fe203)45 

F#5+  0.37  ±  0.03 

Fe2+  i.i2  ±  0.05 

0.85  i  0.05 

2.00  ±  0.10 

0.75 

Iron-Borate- 
Glasses  (with 
10-30  wt\  of 
Fe203)46 

Fe3+  0.3  -  0.5+ 

1.0 

0.7 

Iron-Boro- 
Silicate- 
Glasses  (with 

8  wt%  Fe304)47 

Fe3>  0.07  ±  0. 02**0. 69  t  0.04 
Fe2+  0.80  ±  0.01  2.08  ±  0.03 

0.72  ±  0.04 

0.90  ±  0.04 

I.S.  relative  to  Co57  in  Cr. 


t 

** 


Varies  from  liquid  nit 

I-S.  relative  to  Co57 
it  relative  to  Co57  in 


rogen  to  room  temperature. 

in  Cu,  add  .378  mm/sec  to 
Cr. 


convert 


conta^  Tl  lJiX'  M«fi  .,1?;  o“  Sh0Wn  th“  ‘“P*" 

» «•  »pp‘-:a.30c  split 

mol?  rr*  evith  t  r"° *  £ 

bauer  w  1  ^  P  ij8ure  8  shows  a  series  of  Mbss- 

Fe203  which  exhibifh”  atmPl<iS  ^  the  rangC  °f  30-35  wt  ' 
which  tlw*  .lotsrf.  U  hf-  1  r°°m  temPerature.  The  order  in 

increasing  wt  %  Fe^^Iiice' hf s^  8  ^  acc0rdin8  t0 
P  eParatl0n-  The  uppermost  curve  shows  the  quadrupole 
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Figure  7.  Mossbauer  spectra  of  Fe3'*'  in  Na20-B203  glass  at 
liquid  nitrogen  and  room  temperature  (From  Bukrey  et.  al.)4** 

split  doublet  due  to  iron  in  glassy  material  as  well  as  a 
weak  hfs  pattern  characteristic  of  Fe203.  BukreyC4^)  has 
recently  pointed  out  that  the  spectrum  attributed  to  Fe2B 
in  the  complex  spectrum  shown  in  Figure  8(d) ,  turns  out  to 
have  a  hyperfine  field  different  from  that  of  Fe2B  by  about 
20  koe.  Therefore,  the  spectrum  Is  not  due  to  Fe2B  which 
is  consistent  with  the  x-ray  analysis.  Thus,  he  pointed 
out  that  the  behavior  of  iron  in  this  glass  is  far  more 
complex  than  first  imagined (46)  since  the  "non-Fe2B"  spec¬ 
trum  as  well  as  12  other  lines  in  the  data,  remain  unassigned 
to  any  known  iron  compounds.  From  the  values  of  the  isomer 
shift  and  quadrupole  splitting,  it  was  found  that  the  iron 
ions  in  these  borate  glasses  are  in  Fe3*  state  in  regions 
surrounded  by  6-8  oxygens. 

Taragin  and  Eisenstein(47>48)  studied  the  borosili- 
cate  glasses.  The  Mossbauer  spectrum  for  8  at.  %  Fe304  in 
borosilicate  glass  at  room  temperature  is  shown  in  Figure  9 
and  the  corresponding  Mossbauer  parameters  are  listed  in 
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I  iguro  8.  Mossbauer  spectra  of  crystalline  material 
the  glass  samples.  8  and  C  contain  30  wt  %  Fe-jOi-  A 
nnd  H  contain  35  wt.  %  Po2Oj  (From  Ihikroy  of.  i1l7)46j 


in 

D 


Table  VI.  Data  at  80  K  showed  r.o  significant  difference 
from  room  temperature  spectra.  8y  comparing  the  isomer 
shift  values  with  other  iron  containing  glasses  it  was 
found  that  both  ferrous  and  ferric  iron  were  present  in 

s^r  r*  VaSS?S’  correlntin8  the  data  on  isomer 
sluft  and  quadrupole  splitting  with  coordination  number 

it  was  found  that  both  Fe2*  and  Fe3*  are  in  sites  with 
predominantly  tetrahedral  symmetry.  Taragin  and  Eisen- 

Si4>  in°?iOUdtdt  ,HtiferriC  i0nS  Tlm°St  certainlX  replace 
Si  in  S1O4  tetrahedra;  i.e..  le3*  occurs  as  a  glass  fom 

'  further,  unusual  broadening  of  the  Mossbauer  line 

probabiy  arises  from  the  presence  of  Fe2+  in  diverse  sur- 
rounumgs,  r 


Finally,  it  is  worthwhile  to  mention  that  a  number  of 
Mossbauer  studies  have  been  made  on  frozen  aqueous  solu- 
tions (SO, 52) ;  Becently,  R„by(53)  hls  presJod 

rovmw  on  this  subject.  Mossbauer  effect  has  alao  been 
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Figure  9.  Mossbauer  spectrum  of  Iron  Borosilicate  glass 
at  room  temperature  (From  Targin  and  Eisenstein)47 


applied  to  the  study  of  the  glass-crystal  transition  in 
polymers(S4)  and  methanol (55) . 
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XVI-7.  MECHANISM  OF  CRYSTAL  GROWTH  IN  THIN  FILMS  OF 
SbxSey  CAUSED  BY  ELECTRON  IRRA01ATI0N.  By  H 
BrljjtjteKrause.  Pnysics  Department,  Northern  iTTinoh 
University,  DeKalb,  Illinois.  U.  S.  A. 


Tnin  f 1 1ns  of  Sb„Sey  ranging  from  SbiSei  to 
Sb,  5Se3  were  InvestigatoJ  by  electron  spectroscopy 
ana  selected  area  electron  diffraction.  Most  sam¬ 
ples,  originally  amorphous,  crystallized  in  the  elec¬ 
tron  beam.  Although  size  and  shape  of  the  resulting 
crystallites,  ranging  from  thin  fibers  to  well  defined 
single  crystal  domains  varied  considerably,  the  dif¬ 
fraction  patterns  for  all  compositions  indicated  a 
perfect  or  defect  SboSj  structure.  In  some  cases 
superl atticos  were  observed.  The  composition  of  the 
reflecting  crystallites,  although  not  stochiometric, 
differed  from  the  specimen  composition  since  some  of 
the  antimony  segregated  by  diffusion.  The  crystal¬ 
lization  occurred  also  at  low  temperatures ,  for  In¬ 
stance,  down  to  -125Cc.  The  crystals  formed  at  the 
various  temperatures  were  stable  only  while  in  the 
electron  beam.  The  mechanism  of  reversible  and  ir¬ 
reversible  changes  with  the  electron  energy  and  with 
temperature  will  be  discussed. 
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